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Abstract 
The focus of this work is the design of actuators to address the needs of 
turbulence control. The stringent temporal (0(1 kHz) and spatial 0(10-
1000µ,m) requirements for turbulence control, dictated by coherent struc-
tures and the associated "bursting" process in the turbulent boundary layer, 
have left a technological vacuum in the design and fabrication of sensors 
and actuators with electronics capable of processing fast enough for the 
task. Attempts to fill this vacuum have included the use of silicon based 
micro-electrical mechanical (MEMs) devices. However, problems asso-
ciated with lifetime, robustness and integration of sensors and actuators 
with electronics appear prohibitive at this time(Gad-el-Hak, 1993; Jacob-
son and Reynolds, 1998; Tsao et al., 1997). 
This work presents electro-active polymer (EAP) actuators as an alter-
native and novel material for this application, although well known as 
Artificial Muscles(Bar-Cohen, 1998), since they offer unique benefits in 
terms of performance and manufacturing capabilities over existing tech-
nologies. In particular this material is suited for fabrication as a "smart 
skin", a checkerboard of intelligent and interactive wall sensors and ac-
tuators on a continuous surface, as envisaged for the control of turbu-
lence(Gad-el-Hak, 1993). This technology, however, is largely unestab-
lished, since EAPs consist of non-linear materials that need to be suitably 
characterised(Bar-Cohen et al., 2001) and modelled to be used with pre-
dictable and repeatable motion as required for a flow control device. This 
study investigates and develops testing methods for EAP. This characteri-
sation, in terms of measurements of mechanical stress-strain and electro-
mechanically induced strain, was used to investigate properties of EAP 
materials and evaluate potential elastomer films for the EAP dielectric. 
It was found that elastomers could not be characterised using uniaxial 
testing. Instead biaxial testing, in the form of bulge tests, was carried 
out. Electromechanical tests are used to evaluate the dielectric breakdown 
strength and strain at different electric fields. There was good agreement 
between the measured strain and theory, when the biaxial modulus was 
used. MED4930, a material of higher Shore A number compared to softer 
alternatives, performs with larger out-of-plane deflections and higher fre-
quency response. Key issues in the experimental testing of EAP materials 
in a mechanical and an electromechanical sense are presented; the evi-
dence leads to the need of established of standardised testing methods. 
In the context of flow control, a proof of concept EAP dimple actuator 
has been fabricated, tested and deployed in a windtunnel. These wall-
deformation devices, active dimples, act to provide time-dependent vor-
ticity fluxes at the wall, as an effort to establish the right conditions to 
interfere with "bursting process"(Carpenter et al., 2007). In this study ex-
periments are carried out in a laminar boundary to provide a fundamental 
understanding of dimple interaction with the fluid. Future work envisages 
the development of dimple actuators for control experiments in transitional 
and turbulent flows. The dimple actuators use a buckling design to provide 
out-of-plane deflections. An external directional bias to control the direc-
tion of the deflection is not required; it is inherently part of this design. 
Furthermore it was found that dimples provided a temporally asymmetri-
cal forcing, as result of the operating mechanism. During the initial design 
stage it was found that square geometries are not as robust as circular ones 
and resulted in premature breakdown. The radius of the membrane lim-
its the deflection, the frequency response and the actuator durability. The 
5 mm radius dimple achieves E/D of 6.2 %, can withstand higher elec-
tric fields, up to 4.8 MV/m, and actuates consistently for a large number 
of cycles (over 18 hours at 1 Hz) compared to larger dimples. When de-
ployed in a laminar boundary, results are promising: there are spanwise 
and streamwise variations of streamwise velocity indicating changes in 
wall normal vorticity, a key control variable. The magnitude of the varia-
tion becomes more significant as the Strouhal number increases. The fluid 
responds quasi linearly to the dimple forcing. The phase-averaged ensem-
bles of velocity perturbation show that the dimple "blows" and "sucks" 
at different phases of the cycle, and agrees well with the physical model 
developed in this study. The disturbance generated by the dimple decays 
downstream and does not trigger transition. This is an important character-
istic since it is key that the control disturbance should not become unstable 
downstream and implied that the influence of the control is localised. 
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Chapter 1 
Introduction 
1.1 	General Description of the Problem 
Flow control is described as "the ability to manipulate a flow field to effect a desired 
change", Gad-el-Hak (1993). Flow control has a wide range of applications whose 
payoffs can lead to economical, environmental and performance benefits within the 
aerospace industry. In the context of the aerospace industry the pay-offs include the 
widening of the operational envelope for aircraft, drag reduction, improved aerody-
namic control of forces and heat transfer augmentation. Presently, there is significant 
pressure to find ways to reduce drag. From an economical perspective, oil prices are in-
creasingly high and airline companies are constantly looking to find ways to cut costs. 
Secondly, from a environmental point of view, there is a need to mitigate the effects 
of global warming by means of a reduction in fuel consumption in the short term as 
well as the development of alternative sources of fuel in the long term. With ACARE' 
targets such as a 50% in aircraft CO2 emissions for 2020, novel forms of flow control 
need to be explored. 
Conventional techniques for drag reduction involve maintaining laminar flow. 
Wall bounded flows, such as those developing on the surface of an aircraft, are ma-
nipulated to delay laminar-to-turbulence transition and prevent separation. Control is 
applied near the transition where flow instabilities magnify quickly. However, most 
flows that occur in nature are turbulent. From an aeronautical perspective, a typical 
idle Advisory Council for Aeronautics Research in Europe 
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commercial aircraft, cruising at 300 m/s at 10,000 m will be flying at Reynolds num-
bers, of the O(107)which is well within the turbulent regime. Within this regime the 
skin-friction drag for modern airliners accounts for approximately 50% of the total at 
cruise conditions. Furthermore, in terms of drag reduction, advances in the control of 
pressure drag have plateaued and it is therefore necessary to the target of skin friction 
to surmount targets set. 
Control can be applied globally or locally. Classical control techniques for an 
incompressible wall bounded flow alter the global characteristics of the flow (Bushnell 
and McGinley, 1989), such as the mean velocity profile which determines the skin 
friction at the wall. However, due to the nature of turbulence, targeted control is likely 
to be much more economical in terms of energy usage. Turbulence is characterised by 
random and irregular structures, with a large spectrum of eddy 
sizes occurring at different frequencies with non-linear interactions between the 
different scales (Gad-el-Hak, 1993). These vortical motions, known as coherent struc-
tures, are quasi-periodic and dictate the transport properties of the fluid between the 
boundary and the external flow. Targeted control aims to influence a coherent struc-
ture, to generate a global change within the flow. The structures are of 0(1000 p.m) in 
the near-wall region with the dynamic processes occurring at high frequencies, occur-
ring randomly in space and time. For this reason for a control system to be effective it 
needs to be interactive, that is, comprise a sensing unit that can identify the wall sig-
nature of the oncoming coherent structure and an actuation unit that can correctly give 
a phased response and localized energy input at critical locations within the flow field. 
An effective control system, addressing the small scale and the quasi-randomness of 
turbulent coherent structures, is envisaged through a checkerboard of micro-fabricated 
wall sensors and actuators that are controlled through appropriate control algorithms 
(Robinson, 1991). 
The design of such a control system has three aspects: sensor design, flow-
control methodology (the effect of actuation on the flow) and the control algorithm. 
Turbulence control, the control scheme outline above, is at its infancy mainly because 
of the difficulties surrounding the study of turbulence and the complexity of it's inter-
actions with external disturbances. Also, the sensor/actuator requirements to achieve 
an economical payback are stringent in size, response and cost which means that novel 
forms of fabrication methods for actuation and sensing devices are required. 
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1.1 General Description of the Problem 
C Sensors) Actuators Scnsorsi 
-"-LControllcr 
Figure 1.1: Schematic of "smart" surface incorporating both sensors and actuators con-
trolled by a suitable controller. 
This multi-disciplinary problem can only be tackled with collaboration from peo-
ple with different backgrounds that understand and can solve the different aspects of 
the problem. In 2003 a group was established at Imperial College to investigate meth-
ods of flow control. As part of this effort this thesis addresses the important aspects 
concerning the design and fabrication of a wall deformation actuator and, through ex-
perimental study, of the actuator in a laminar boundary layer. Some aspects of the 
fluid-structure interaction are also addressed. This work is a precursor to a control 
experiment that uses surface roughness to generate streamwise vortices that are to be 
cancelled through active control. This type of transient growth experiment may indi-
cate the performance of the actuator in a turbulent flow since there are similarities in 
the 3D disturbances of both flows (Butler and Farrell, 1992). 
Dimples such as the ones on found on golf balls are very good control devices. 
They are effective for separation control (Choi et al., 2006), such as in the case of 
the golf ball and for heat augmentation and mixing (Isaev and Leont' ev, 2003) since, 
with the optimal geometric parameters, they create counter-rotating vortices within the 
flow (Bearman and Harvey, 1976), (Ligrani et al., 2002). Static devices are not useful 
in the case of the turbulent control since activation needs to be reactive to oncoming 
structures and be activated discretely in time and space. Here active dimples are pro-
posed as flow control devices since they can introduce time-dependent vorticity fluxes 
at the wall. Active dimples generate surface pressure gradient and local surface accel- 
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erations to provide vorticity fluxes. Dimples are chosen over other types of actuators 
since they do not have the drag penalty associated with devices that protrude in the 
flow and are more robust than active devices that have holes open to the flow since 
they cannot ingest dirt or suffer from Helmholtz resonances such as in the case of syn-
thetic jets (Lockerby, 2007). These devices provide large disturbances that penetrates 
the boundary layer, making them suitable for separation control but of limited effec-
tiveness for control of the turbulent boundary layer where the disturbance need to be 
introduced close to the wall for interaction with the near wall structures; active dimples 
may prove to be more effective. 
In terms of fabrication, actuators must be capable of high strains, good frequency 
response, have the ability for integration with a sensing and control unit and must ac-
tuate with predictable and repeatable motion. Furthermore the actuators must be light 
and withstand temperatures within the operational range of commercial aircraft. Dim-
ples are fabricated using electro active polymers (EAPs) since the material is light, 
flexible and noiseless (Heydt et al., 1998) with electrically controllable actuation. This 
makes the prospect of using EAP actuators for flow control is promising. Furthermore, 
because of the duality of their operating mechanism, they can be used as both actuator 
and a sensor. They can also be made into a "smart" continuous structure. The fabrica-
tion of EAP is compatible with inkjet printing, a mature fabrication technique that has 
had some developments that will prove to be useful to this field, such as all polymer 
transistor circuits (Sirringhaus et al., 2000) for the in situ printing of electronics on a 
smart skin. 
EAPs have been applied in many areas, such as biological flows, robotic de-
vices and biomimetic architecture. Their application to flow control is however novel 
(Bar-Cohen, 1998). Many prototype EAPs have been demonstrated in a variety of 
configurations: stretched films, stacks, rolls, tube actuators with multiple degrees of 
freedom for use in robotics, unimorphs and loudspeakers. Its efficiency and lifetime 
make this technology more desirable than other smart actuator technologies available 
for these applications. However, the technology still needs development to ensure that 
the actuator fulfills all the necessary requirements. This is addressed through the study 
of the underlying electro-mechanical characteristics of the actuating mechanism. 
1.1 General Description of the Problem 
1.1.1 Objectives 
The long-term goal of this work is to develop an actuator capable of being integrated in 
a "checkerboard" of finely-spaced sensors and actuators suitable for turbulence control. 
The work presented in this thesis aims to design, develop and characterise a suitable 
dimple actuator. It will be evaluated in terms of frequency response, shape, reliability, 
robustness, ease of fabrication for integration to a "smart" skin. The candidate dimple 
actuator is evaluated in a laminar boundary layer flow and recommendations are made 
for a next-generation dimple design suitable for the control of transient growth outlined 
in §1.1. The main objectives are therefore summarised as: 
1. Review actuation mechanisms suitable for dimple fabrication. 
2. Investigate actuation mechanism, documenting material properties and electro-
mechanical performance of EAPs. 
3. Develop and fabricate wind-tunnel-ready dimple actuators. 
4. Deploy dimple in a laminar boundary layer and evaluate effect of periodic forc-
ing on it. 
1.1.2 Outline 
The nature of this thesis is bi-disciplinary; elements of material science and aerody-
namics are covered. The results in thesis are obtained by using mechanical, electro-
mechanical and wind tunnel tests, Chapters 4, 5, 7, respectively. The experimental 
method is self contained within the results chapter, however, in the case of the wind 
tunnel results the experimental set-up and methodology is discussed separately, in 
Chapter 6. 
Chapter 2 discusses the mechanism of skin-friction and some of the "heuristic" 
(physical-based) and linear control schemes for turbulence control. Various candidate 
actuators will be compared. It will become evident that in the context of turbulence 
control, and for practical implementation on aircraft, dimple actuators are ideal, by 
virtue of their ability to manipulate and generate voracity and robustness, as suggested 
by the review of theory and existing literature. 
Different candidate actuating mechanisms for dimple actuators are reviewed in 
Chapter 3. EAPs are selected based on the established requirements. The advantages of 
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EAPs for the fabrication of active dimples over alternatives is discussed. The operating 
principle is outlined. Potential dimple materials are investigated, both the dielectric and 
the electrode material which are then further investigated in Chapter 4 and Chapter 5, 
respectively. The nonlinear nature of the elastomer dielectric is examined and the 
implication this has for modelling and design is discussed. Because the dielectric 
material is nonlinear, material characterisation methods had to be established. 
These material characterisation techniques are employed to investigate the mate-
rial properties of candidate dielectric materials, Chapter 4. These materials are electro-
mechanically tested and evaluated. Furthermore the data is compared to theory, using 
the mechanical properties calculated from the mechanical testing. The material with 
the best performance is then used as dimple actuators. 
The dimple design is discussed in Chapter 5, the different theoretical models 
are presented and are compared the experimental data. A fabrication method for EAP 
dimples is devised and different sized mesoscale I dimples are fabricated. Dimples are 
forced with square and sine wave inputs, with a range of frequencies from 1 Hz-1 kHz. 
The dimples are characterised in terms of depth to diameter ratio, E/D, and frequency 
response. The velocity and acceleration is calculated. In this way the difference in the 
dimple's buckling behaviour with frequency and forcing is studied and this information 
is used to calculate the phase-average ensembles of the fluid response to the dimple. 
The dimple with a superior performance is made into a wind tunnel ready prototype, 
hence providing a temporal asymmetrical forcing for a laminar boundary, Chapter 7. 
The change in streamwise velocity, measured in the wall-normal and spanwise 
plane, as result of the active dimple is investigated. The dimple actuator is forced at 
different frequencies and the behaviour is evaluated in terms of its ability to generate 
variations in the spanwise velocity profile, which indicates a change in vorticity. Fur-
thermore the phase-averaged ensembles of the fluid velocity perturbation, based on the 
dimple motion is studied. This is related to a physical model of the dimple's effect on 
the flow. 
Finally Chapter 8 is an overall discussion and conclusions of the effectiveness of 
EAPs as dimple devices. Future work is discussed. Findings, based on the material 
and electromechanical characterisation is also covered and further work to improve 
EAP modelling is outlined. Some of this material is presented in this thesis has been 
published: Dearing et al. (2005), Arthur et al. (2005), Arthur et al. (2006a) and Arthur 
l An intermediate scale, of the order 1000 pm 
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2.1 Skin Friction Drag in Thrbulent Boundary Layers
One of the most widely observed coherent structures are streaks, such that there is a
spanwise velocity field organised into alternating regions of low and high speed fluid
spanning roughly 1000 wall units1 in the streamwise direction, figure 2.1. Streaks form
part of the bursting process responsible for a large part of the turbulence production.
According to Kline et al. (1967), streaks become unstable after a certain streamwise
distance, after which they are lifted outwards in what is known as an "ejection", pro-
viding turbulent mixing with the faster surrounding fluid. During these intermittent,
violent outward ejections of low-speed fluid, high-speed fluid rushes in at a shallow
angle toward the wall. This near-wall turbulence production occurs in an intermit-
tently and in a quasi cyclic fashion at an average frequency of f+ =0.004 Hz, and is
self sustaining. It is generally accepted that a "successful active control technique
for reducing skin friction would have to interfere with this quasi-cyclic bursting and
disable it", Carpenter et al. (2007).
The source of the initial perturbation that triggers the oscillations of near-wall
streaks is not fully understood (Robinson, 1991), but is generally thought to be a result
of an instability, (Blackwelder and Haritonidis, 1983; Swearingen and Blackwelder,
1987). It is, however, accepted that streaks are created by streamwise vortices and there
is a relationship between near-wall streamwise vortices and the increase in skin friction
1where wall units also denoted by plus units refer to normalisation by the viscous length and velocity
scales V / Ur and Utau respectively.
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Figure 2.1: This picture is a top view of the near-wall region of a turbulent boundary layer 
showing the ubiquitous low-speed streaks. Flow is from left to right and laser-induced 
fluorescence is used to visualize the streaks (Gad-el-Hak, 1993) 
in turbulent boundary layers. Figure 2.2 shows how regions of high skin friction in 
the spanwise vorticity field are associated with a pair of streamwise vortices (bottom 
diagram). There is sufficient evidence to suggest that, for the goal of drag reduction, a 
control system needs to be developed that will effectively interact with the streamwise 
vortices and streaks in the near-wall region. In fact, in a summary of active-control 
strategies, Kim (2003) showed successful strategies reduced the strength of the near-
wall streamwise vortices. 
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Figure 2.2: Skin-friction in turbulent boundary layers. Top figure shows plan view of 
contours of spanwise vorticity at the wall, showing high skin-friction regions indicated by 
blue and green. The bottom figure shows a cross-section view of the high and low skin-
friction region marked by the straight line in the top figure. It shows a pair of streamwise 
vortices in the wall region. Colours denote the magnitude of streamwise vorticity while 
the vectors indicate the wall-normal and spanwise velocity components in the plane (Kim, 
2003) 
2.2 Control strategies for active flow control 
Control is described as the ability to manipulate a flow field to effect a desired change. 
Control schemes can be categorised as open or closed loop control, with passive or 
active control inputs. Passive devices require no external energy input where as active 
devices require power for excitation (Gad-el-Hak, 2000). Passive devices include de-
vices which have been shown to reduce skin friction drag by 5-9 % (Pollard, 1998). 
However, for turbulence control, the focus is on active devices because, unlike pas-
sive devices, they can accommodate a variety of flow conditions providing greater 
efficiency and effectiveness for this application. 
In open-loop control, either steady (passive) or unsteady (active) actuator pa-
rameters are set at a design state and remain fixed regardless of changes to the flow 
conditions (Jacobs, 1993). Open-loop control experiments are generally a precursor 
to closed-loop ones because a good understanding of open-loop dynamics is required. 
Typically, open-loop studies have focused on improving and understanding the flow 
physics and on actuator development and testing (Collis et al., 2004). Closed-loop 
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control, on the other hand, refers to active control in which the control input is con-
tinuously adjusted based on measurements of some kind. Sensors provide information
about the flowfield that is fed back into a comparator which compares this value to
a reference signal and provides an input signal into a controller. The controller then
calculates the feedforward signal to the actuator, based on the control objective. This










Figure 2.3: Closed-loop, feedback, control.
2.2.1 Closed-loop Control Schemes
Early attempts of control used heuristic, physics-based, approaches, whereby the phys-
ical description of the flow is used to dictate the control input. For example, Choi et al.
(1994) numerically implemented a physical approach with a very simple feedback con-
trol strategy to achieve drag reductions of25-30%. This approach, known as opposition
control, attenuated the strength of the near-wall vortices through blowing and suction
of fluid velocity equal and opposite to the wall-normal velocity at a sensing plane of
y+=10, as shown in figure 2.4. In a similar study by Hammond et al. (1998) drag was
11
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reduced by 25% when actuation was applied off-wall at y+=15. However both stud-
ies reveal that the drag increases when the control is applied too far from the wall, at
y+ = 25.
- - - Sensing plane
blowing suction
Figure 2.4: A schematic illustrating opposition control.
In another successful heuristic approach, Koumoutsakos (1999) devised a method
based on the relation between wall pressure gradient and wall vorticity flux, units of
velocity x vorticity. This is used to determine the wall-normal velocity for effective
control and this is shown to yield drag reductions better than those of opposition con-
trol. However, the numerical implementation of a control scheme based on vorticity
flux is far more complicated than opposition control and therefore is not, as yet, prac-
tical.
Opposition control, however, is also impractical because it is not possible to
sense velocity remote from the wall. In order to circumvent this problem, Lee et al.
(1998) used wall actuation, which depended only on flow quantities that could be mea-
sured at the wall. They used a neural network to control off-wall normal velocity for
opposition control.
The network was trained to predict actuation at the wall (control input) for given
outputs at the wall. Once properly trained, this inverse model network was used as a
controller to predict an optimal control input for a desired output, i.e., reduced skin-
friction drag. Using the spanwise component of wall shear stress as the input to the
neural network, a 20% drag reduction was achieved. However, such an approach is
very slow owing to the time taken to "train" the algorithm.
In a similar attempt to mitigate the problems of opposition control, Kang and
12
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Choi (2000) investigated the effect of using active wall-motion instead of wall-normal
transpiration as the control actuator with the same control strategy, resulting in a drag
reduction of 17%. Similarly Kellogg (2000) reports a 14% drag reduction, a value that
is strongly influenced by the allowable degree of wall deformation. This may explain
the reduced effectiveness of wall motion compared to traditional wall-transpiration.
Physical control strategies are limited by the physical description of the turbu-
lent boundary layer. When taking measurements, the experimentalist is confined to the
available equipment which may overlook some important features of the flow. Simi-
larly there are practical issues that prevent one from directly measuring or controlling
the physical quantities needed and the dynamics of the sensor/actuator combination
is not taken into account. Finally, a physical control scheme does not provide any
clear indication of whether the resulting system is robust to external disturbances. It
is for these reasons that more systematic methods for closed-loop control design are
usually preferred. For example adjoint-based suboptimal control and optimal control
schemes have been used, Bewley et al. (2001) and Bewley (2001). Here the control
objective is to minimize a cost function of a control input. Once the sensitivity of the
cost function with respect to the control input is known, it can be minimized by using
any gradient-based iteration scheme. Even though it is able to relaminarise the flow,
it is impractical because of the computational time and power required. However, it
demonstrated that a control algorithm derived from control theory independent of flow
physics can out-perform intuition-based control.
More recently, evidence suggests that the mechanism responsible for high skin
friction can be sufficiently modelled by a linear controller, Kim (2003), and further-
more that the nonlinear terms can be suppressed through linear, integral feedback con-
trol (Joshi et aI., 1997). Since this pioneering work there have been several applications
of linear optimal control for drag reduction of turbulent flows, such as Bewley and Liu
(1998) and Lee et al. (2001). Linear optimal control theory starts with a state-space




where x represents the state vector of the system and A contains the system dynamics.
Hence the state-space equation for turbulent flow is written in terms of Navier-Stokes
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operators:
d[V] [v]dt ro; == [A] ro; (2.2)
where the wall normal velocity, 17: and the wall normal vorticity, ro; are represented by
Fourier modes, (where-denotes Fourier transformed quantity).





where Los, Lsq and Lc, are respectively the Orr-Sommerfeld, Squire and coupling op-
erators:
-1 (. . d2U 1 2)Los == -f! ik.Uf! + ik, dy2 + Ref!
. 1
Lsq == -lkxU + Re f!
dU
Lc == -ikz dy (2.6)
where kx and kz are respectively streamwise and spanwise wave numbers, k2 == k; +
k;, f! == %;2 - k2 and U is the mean velocity about which Navier-Stokes equations
are linearised. Having written the Navier-Stokes equations in this form, it is now
possible to design an optimal controller for this linear system. Several controllers were
constructed, to minimize 1) wall-shear stress fluctuations, 2) turbulent kinetic energy,
3) the linear coupling term. All of these linear controllers worked remarkably well in
the nonlinear flow (Kim, 2003). Drag is reduced in all cases, and in the flowfields of
all these, it is found that streamwise vortices are weakened. The success of these linear
controllers confirms the notion that a linear mechanism plays an important role in the
amplification of near-wall disturbances, at least at low Reynolds numbers.
2.2.2 Actuation
There are several possible ways of affecting the flow field: through wall motion, tran-
spiration (such as suction or injection of fluid), streamwise pressure gradients, wall
curvature or normal viscosity gradient at the wall (through heating or cooling of the
boundary layer), Bushnell and McGinley (1989). However, the control scheme dic-
tates the control input, hence the actuator design. For example, the state-space form of
14
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the Navier-Stokes equations suggests that wall-normal velocity and wall-normal vor-
ticity are important for actuation. The strength and penetration of the disturbance in
the boundary also appear to be key variables. From the opposition control experiments
and the linear controller experiments it is observed that the wall normal position of
actuation is key. Note that for opposition control, any actuation beyond y+ = 25 led to
an increase in skin friction. By contrast when the actuation was too close to the wall
the mean drag reduction was reduced.
Generally, blowing and suction are used in the numerical experiments of wall-
based control. However, Kim (2003) notes that synthetic jets can provide direct blow-
ing but, that in the suction part of the cycle, the velocity field is quite different from
that required.Another type of actuation, whose effect is more or less similar to that
of blowing and suction is an active wall motion in the wall-normal direction. Simula-
tions using wall deformation have been performed with fairly good results; the strength
of the streamwise vorticity near the wall responsible for the production of turbulence
have been attenuated through suitable control schemes. Mean skin-friction drag was
reduced by 10%: Endo et al. (2000) used array of deformable actuators in a DNS tur-
bulent channel flow. The deformation, a combination of a bump and a depression as
shown in figure 2.5, is actuated at 50 viscous lengths downstream from the sensing
location.
Figure 2.5: Instantaneous wall deformation (Endo et aI., 2000).
Active dimples are proposed here as candidate actuators and are preferred over
other actuators because they do not possess drag penalties associated with devices that
protrude in the flow, such as active bumps (Carlson and Lumley, 1996) or flaps and are
15
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more robust than devices with holes: they do not ingest dust or suffer from Helmholtz
resonance (Lockerby, 2007). Active dimples create time-dependent vorticity flux at
the wall, at larger magnitudes than the static dimple, by virtue of changes in surface
pressure gradients and local surface accelerations. Dimples can also act as "on de-
mand" vortex generators. They impart a vertical velocity and generate streamwise and
wall normal vorticity by virtue of the dimple curvature; all of these have a role in the
interference of the drag producing mechanisms described in §2.1.
2.3 Dimple Actuators
Static dimples have been demonstrated to be useful flow control devices: on a sphere
they can reduce drag by up to 50%, Choi et al. (2006), by generating streamwise vor-
tices that delay separation so reducing the wake thickness. Dimpled surfaces have been
used on trains resulting in drag reduction of 16% (Wuest, 2004). Other applications
include the augmentation of heat transfer where dimples are effective at promoting
mixing (Ligrani et aI., 2002). Kiknadze et al. (1986) and Isaev and Leont'ev (2003)
are two examples of the large volume of literature on passive dimples. However, for
the purpose of turbulence control, it is likely that active dimples are more suitable.
Active dimples for this purpose consist of vibrating planforms that periodically move
downwards and return flush to the surface at a controlled rate.
The effect of dimples on the boundary layer may be described by the changes to
the vorticity flux due to changes in boundary conditions as a result of a static or active
dimples. The vorticity flux from a stationary non-porous surface, Rosenhead (1968),
is defined as:
(J'= v(n. yo OJ)s (2.7)
where (J' is the vorticity flux, CO is vorticity, n is the unit vector pointing out of the fluid
domain, v is the viscosity of fluid and the subscript's' denotes the wall. Rosenhead






where p is the pressure, COx and COy are respectively the streamwise and spanwise com-
ponents of vorticity, p is density of the fluid and the y direction is normal to the surface
(pointing inwards). Static dimples alter the flow by virtue of their shape which changes
the pressure gradient across it, so directly altering the vorticity flux at the wall. Equa-
tion 2.7 can be modified to include the effect of a moving wall, the additional source
terms having the effect of increasing the time-averaged vorticity flux, Wu and Wu
(1996). Equation 2.10 represents a balance between inertial forces, pressure forces
and viscous forces acting on a fluid particle on the wall along the tangential direction:
(Jd = (Ja+(Jp +(Jvisit+(Jvisn (2.10)
where is the (Jd is the total vorticity flux, resulting from (Ja, (Jp, (Jvistt- (Jvisn- are re-
spectively the vorticity fluxes due to the acceleration of the moving surface, pressure
gradient, curvature, and shear stress gradient. The first three terms constitute the "as-
cending mechanisms" of vorticity generation. The last term, the shear-stress gradient,
constitutes the upturning mechanism which represents the generation of wall-normal
vorticity. Equation 2.10 can be expanded to:
v» ( 't's)(J=nxa+nx p - nx p ·K-n(n·(Vx't's)) (2.11)
where 't's is the shear stress at the wall, K is the curvature term and is equal to-Vn n
where - V1r is the tangential component of the nabla operator. The vorticity flux equa-
tion, 2.11 is useful in identifying the aspects of the boundary responsible for the gener-
ation of vorticity flux. It also indicates the vorticity terms that are mutually dependent.
For example, the surface-normal acceleration term goes to zero since it is in the same
direction of the normal vector to the dimple surface. However the wall acceleration
affects both the pressure and the rate of curvature. The wall-normal acceleration will
affect the velocity field, which is related to pressure through the pressure Poisson's
equation, 82p = f(v, V) (Fletcher Clarke, 1991). The curvature term becomes infinite
at sharp edges, such as those found on a cylindrical dimple and a synthetic jet orifice.
Physically at sharp edges, separation occurs, whereas, for smooth dimples, the separa-
tion is a function of Reynold's number and dimple depth. Dimples generate vorticity
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at the wall, according to equation 2.11, and they also manipulate the vorticity already
found in the boundary layer. This is described by the vorticity transport equation:
(2.12)
The viscous term shows that vorticity is diffused. oi- Vu describes the stretching and
rotating of vorticity. It accounts for the changes in rotation rate of particles due to
velocity gradients, such as those introduced by the dimple.
2.3.1 Previous Work
2.3.1.1 Static Dimples
At low frequencies, active dimples will be quasi-static since the contribution from the
acceleration term will be negligible and the main contributor to vorticity generation is
the shape of the dimple (pressure gradient term). Static dimples generate a compli-
cated flow structure; its effect on the flow is dependent solely on geometry of dimple,
including the depth, the edges and the depression shape, as shown in a numerical study
by Isaev and Leont'ev (2003). It is found that stagnation points, vortices and detached
flow will develop depending on the depth to diameter ratio, efI). Here e is the vertical
dimple depth and D is the dimple diameter. It was shown that for a shallow dimple,
figure 2.6, (a) the streamlines converge into the dimple and diverge as they reach the
midsection. Once the dimple depth reaches a certain value, figure 2.6 (b)), the flow
separates. As the eID ratio increases, the surface streamlines develop singular points,
figure 2.6 (e), where a vortex with helical motion is formed.
Experimental results, Ligrani et al. (2002), for flow over an array of dimples,
eID=0.2, on one wall of a channel show that vortex pairs are periodically shed from
the dimples. Figure 2.7 shows the evolution of flow over a dimple based on flow
visualisation. At time, t=O and 0.017 seconds, smokeline trajectories approach and
impact on the rim of the dimple. Secondary flow advection into the central part of
the dimple cavity is visible as well as pairs of recirculation zones. At later times,
flow is ejected from the dimple, moving upward from the center of the dimple, with
downward flow on either side (t=0.033). The primary vortex pair is stretched as it is
advected downstream, t=0.050 sand 0.067 s. The location of the vortex pair coincides
with areas where Reynolds stresses are increased.
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Figure 2.6: Comparative analysis of the surface streamline patterns of spreading (upper
half) and the directions of the velocity vectors in the wall boundary layer (lower half) in
the vicinity of a spherical dimple for its varying depth: (a) 0.04, (b) 0.06, (c) 0.08, (d) 0.1,
(e) 0.12, (f) 0.14, (g) 0.16, (h) 0.18, (i) 0.2, depth-diameter ratios. The dashed line shows

















Figure 2.7: Sketches of instantaneous, three-dimensional flow structure through a static
dimple. Solid line arrows denote secondary flows above and outside of the dimple. Dashed




Active dimples fall into two categories: smooth and cylindrical. A smooth dimple has
a curved cross section. A cylindrical dimple, on the other hand, has sharp edges and
has twice the volume of the smooth dimple. The difference between the two cross
sections is shown in figure 2.8. The motion of the dimple is characterised by the
non-dimensional Strouhal number, St == {f:, which is the ratio of forcing timescale to
convective time, where f is the forcing frequency of the dimple, 8 is the boundary layer
thickness and Us. is the free-stream velocity. Dimples can also be deployed in different
16mm
~ ~
----, r-r-l.6mmL--J +.. "., , ,,..
CylindricalDimple SmoothDimple
Figure 2.8: Cross sections of a cylindrical and smooth dimple.
ways: a single depression deployed as a transient response or as a time-dependent, os-
cillatory, disturbance. They stretch and rotate incoming fluid as the dimple oscillates,
hence generating greater vorticity than the static case. This behaviour is more appar-
ent with dimple frequency, as shown by the flow visualisation of a smooth diaphragm
dimple in a water channel, figure 2.9, which shows the change in behaviour with St.
The smooth dimple, oscillating at low frequencies, has a complex flow field: at maxi-
mum deflection, two pairs of counter-rotating streamwise vorticity regions stacked on
top of each other are developed, one beginning upstream of the dimple and the other
downstream of the centreline of the dimple. At higher frequencies the pattern of four
vorticity regions is replaced by two strong vorticity regions, figure 2.10, (contours are
increased by a factor or 10) with a smaller third region. The sign of the vorticity
changes in-phase with the direction of the dimple motion. At the highest frequencies a
jet like structure is formed; (Dearing et al., 2007; Lambert et al., 2005).
The effect of different dimple geometries was studied by McKeon et al. (2004).
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Figure 2.9: Flow visualisation of smooth dimple for St= a)13, b) 24, c) 46, d) 68, e) 90, f) 
112. (Dearing et al., 2007). 
Figure 2.10: Streamwise vorticity field contours (+ 1) of a dimple in channel flow, 
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The harmonic forcing, such as that required for open-loop control, of a cylindrical dim-
ple and a smooth dimple is compared in a laminar boundary layer. In the cylindrical 
case, a horseshoe vortex is formed above St=24. This is a result of viscous blockage 
arising from the unsteady motion of the fluid inside the dimple, which induces sepa-
ration at the sharp edges during both the upstroke and downstroke. At St=46 a pair 
of counter-rotating vortices is apparent on either side of the dimple such that there is 
common flow towards the surface between two. The origin of the inner horseshoe vor-
tex is shown by the contours of spanwise vorticity, figure 2.11, (c). From this figure 
it is clearly seen that the motion of the dimple leads to the generation of vorticity on 
the vertical walls of the cylindrical dimple, as indicated by equation 2.11. A model 
consistent with the above is shown in figure 2.12. 
-0.150 -0 129 -0_107 -0 086 -0 064 -0 043 -0 021 0_000 0 021 0 043 0.064 0 086 0 107 0 129 0 150 
Figure 2.11: Flow visualisation and time-averaged PIV, St = 46.0. (a) Flow visualisation; 
(b) streamwise plane along dimple centreline;(c) spanwise plane x/D=0; (d) spanwise 
plane x/D=0.5, (Dearing et al., 2007). 
In the case of the smooth dimple, with a curved cross section, jet-like structures 
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Figure 2.12: Schematic of modelled flow for the cylindrical dimple at high frequency 
(Dearing et al., 2007) 
are not apparent. Figure 2.13 shows the time average plots of vorticity at St=112, 
although these results are typical of any frequency. In this case, concentrations of 
vorticity are generated in-phase with the motion of the dimple surface. When the 
surface is flush (at maximum acceleration) the vorticity concentrations disappear. This 
is more clearly seen by phase-averaged data. The time-averaged vorticity contours 
show that the vorticity generated on the downstroke and upstroke half-cycles is equal 
and opposite and therefore cancels when averaged over the complete cycle. This also 
occurs in Stokes' "second problem", the motion induced in an otherwise quiescent fluid 
by a flat plate executing simple harmonic motion, the phenomenon occurring because 
the relevant equation of motion contains no nonlinear convective terms. This would 
suggest that, in the smooth dimple examples here, no separation occurs either. 
The time-averaged vorticity magnitudes, approximately half those for the cylin-
drical dimple, indicate that the vorticity is confined to the inner 25% of the boundary 
layer. This is as a result of the curvature term for the smooth dimple. It appears then, 
that, in the case of the smooth dimple, the vorticity, in terms of magnitude and dura-
tion, is easier to control than in the case of the cylindrical dimple: not only can vorticity 
generation be turned either "on" or "off" but also its magnitude may be varied at will 
by appropriate combinations of Strouhal number and Reynolds number. 
Separation is governed by the same mechanism as the static case: the decelera-
tion of flow is a result an adverse pressure gradient from the dimple geometry. How-
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Figure 2.13: Flow visualisation and time-averaged PIV, St = 112.0. (a) Flow visualisation; 
(b) streamwise plane along dimple centre-line;(c) spanwise plane x/D=0; (d) spanwise 
plane x/D=0.5 (Dearing et al., 2007). 
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upwards again, the flow is forcibly reattached. Figure 2.] 4 shows separation occurs
close to maximum deflection in the oscillating mode. There are several saddle points
and nodal points of separation and attachment from the stress lines. No separation is





































Figure 2.14: Streamlines of a dimple in channel flow, eID=O.l2, Re=2000 (non-linear
boundary conditions), St= f(1) at normalised time, f of a) 0, b) 0.1, c) 0.2 d) 0.3, e) 0.4, f)
0.5, g) 0.6, h) 0.7, i) 0.8, where T=period of dimple motion, Lambert et al. (2005).
The only other work, to this author's knowledge, similar in nature to this active
dimple work is by Kim et al. (2003) who investigated a moving wall, placed at a
discrete location, in a turbulent boundary layer. The moving wall was made up by a
latex membrane mechanically driven and created both a bump and a dimple of e=O.I.
It was driven at the frequency and harmonics of the frequency of the bursting event:
50 Hz, 100 Hz and 150 Hz. It was found that at the highest frequency the presence
of counter-rotating vortices is detected in the spanwise variation of velocity and later
26
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verified by flow visualisation. 
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Chapter 3 
Electro-active Polymers (EAPs) 
3.1 Introduction 
There is a strong incentive to use EAPs in preference to more established technologies, 
such as piezoceramics and mechanically driven actuators. EAPs offer high strains, fast 
response and high electromechanical efficiency (Pelrine et al., 2001). Additionally 
EAPs are a promising technology for the long-term goal of turbulence control since 
they display the inherent reciprocal mechanism of sensing and are potentially ideal for 
use as a "smart structure", Pelrine et al. (1998). Actuation is driven by Maxwell stress. 
Hence for practical Reynolds numbers the actuators can be scaled, taking advantage 
of the scaling of electro-static forces with (length)2 (Gad-el-Hak, 2002). This smart 
surface is also amenable to localised control since it can provide discrete as well as 
large actuating surfaces for different flow-control applications. The compatibility of 
EAPs with both MEMs and inkjet printing makes the mass production of a smart de-
formable surface a real possibility. This surface can be easily tailored to suit the needs 
of the application since any polymer or polymer blend can be used (Lowe et al., 2005). 
This provides flexibility in the choice of Young's modulus, dielectric constant, dielec-
tric breakdown voltage, and hardness, all important factors that define the performance 
of the EAP actuator. However, EAPs consist of nonlinear materials and need to be 
suitably characterised and modelled to be used with predictable and repeatable motion 
required for a flow control device. The main design challenge lies in the predicting the 
nonlinear properties of the material (Bar-Cohen et al., 2001) and achieving sufficient 
amplitude deflections at higher frequencies. 
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3.2 Design Criteria 
Dimples must be capable of deflections greater than 1-2 % of dimple diameter, ideally 
ranging up to and beyond 10%, with fast response times of order(kHz). The actua-
tors, for use as flow control devices on aircraft, need to operate at both low and high 
temperatures since at typical flight conditions temperatures may drop to —80°C. The 
devices will also be subject to various weather conditions (sun, rain, etc.) and need 
to be moisture resistant and must not degrade with UV exposure nor repeated heating 
and cooling. With these criteria in mind, the next section examines potential actuating 
mechanisms for dimple devices. 
3.3 	Review of Existing Actuator Technologies 
Actuators can be classified into two categories: a mechanism-type actuator which use 
rigid motion to provide displacement and/or force, and deformable structures which 
use field-induced actuation. In general, the first category faces problems such as fric-
tion losses, the wear and tear of components and weight. The second category has 
motion that tends to be restricted by physical constraints and internal processes. The 
various actuating mechanisms are summarised as follows: 
1. Mechanically Driven. Motors can be used to create linear motion, such as a 
piston, which could drive a membrane downwards in a cyclical fashion. Simi-
larly, a pump could be used to generate suction behind a membrane creating a 
local depression. These technologies are well established and readily available 
commercially. The main disadvantages of a hydraulic system such as the one de-
scribed here is the response time as well as the weight of such a system. It could 
be also argued that there are issues with motor-driven pistons because it does not 
lend itself to integration with a smart skin. There are also difficulties associated 
with attaching the membrane onto the piston and achieving the desired shape. 
2. Electrostatic Actuation. Electrostatic forces between two plates (electrodes 
/elements) carrying opposite charges, are used to generate motion. Generally 
one is the moving member, such as a beam or diaphragm, which is attracted to 
the other electrode, a stationary substrate. Members are often fabricated with 
silicon using MEMs techniques. Silicon membranes with electrostatic attraction 
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for deformable mirrors and have achieved maximum deflections of 2 hum. This 
actuation mechanism has many advantages, including low power consumption 
and a very fast response time. However, it is limited in motion due to the trade-
off between electrostatic force and the gap between the moving member and the 
substrate. Electrostatic forces increase for small gaps, which limits maximum 
deflection. 
3. Piezoelectric Actuation. Piezoelectricity is the coupling between the mechan-
ical and electrical behaviour of a material. These materials generate an electric 
field in response to an applied mechanical stress. Conversely when an electric 
field is applied, strain is generated. This results from a non-uniform charge dis-
tribution in the material lattice structure. 
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Figure 3.1: Piezoceramic material, without and with actuation (Pretorius et al., 2004). 
Many crystalline and ceramic materials exhibit this behaviour; Lead Zirconate 
Titanate (known as PZT) is most commonly used. Ceramic materials tend to be 
stiff and brittle and therefore have very good frequency response with limited 
motion (strain of the order 0.1 %) (Madden et al., 2004). Since piezoelectric 
actuators have limited strains, the motion can be applied using prestressed actu-
ators or "amplified actuators" (Pretorius et al., 2004). An example of an ampli-
fied actuator is a stack, shown in figure 3.2. In a stack structure, multiple layers 
are glued to one another. The small displacements of each layer contribute addi-
tively to the overall displacement; amplification depends on the number of layers 
present. However, as the number of layers increases so does the difficulty of as-
sembling and wiring the individual layers. Prestressed actuators are fabricated 
with intrinsic stress in the material which helps motion. An example of this type 
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Figure 3.2: Diagram of a stack actuator where n is the number of layers, t, the individual 
thickness of the layers, T , overall thickness of the stack, L and W length and width of stack 
respectively, p denotes the piezoelectric material and Four is the force exerted by the stack. 
of actuator is a unimorph, which is made from two materials of different thermal 
coefficients that are glued together. As the glue cures at high temperatures, the 
mismatch in thermal coefficients prestresses the active ceramic. The prestress 
within the actuator is such that the piezoceramic is in a state of compression and 
the substrate is in a state of tension, such that one layer is active and the other is 
passive. An example of this is "Thunder" actuators, Face-International (2007). 
These devices are prestressed unimorphs providing displacements of up to 1000 
AM, directly dependent on the plan area of the actuator. Bimorphs are similar 
in that two layers of piezoceramic are stacked together with opposite polarity 
so that the voltage applied cause one layer to expand and the other to contract. 
One disadvantage is that even with large deformation capabilities, the actuators 
must act like linear pistons in order to fabricate dimple actuators. Furthermore 
piezoceramics are fragile. This can be overcome by gluing together layers of 
different materials, as in the case of "Thunder" actuators, or they can be com-
bined into piezoceramic-polymer composites. Piezoceramic fibers, figure 3.3, 
and powder have been used with epoxy resin (Yoon et al., 2007) or polyurethane 
(Lam et al., 2005). This has resulted in improved mechanical strength, flexi-
bility and formability (Sakarnoto et al., 2001). However, the composites do not 
exhibit large strains or displacement (Lam et al., 2005; Yoon et al., 2007) and 
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3.3 Review of Existing Actuator Technologies 
the operating range for piezoceramics, which varies between —40°C to + 200°C, 
depending on the exact composition (Face-International, 2007), and is not suffi-
ciently large for aircraft operating temperatures of -80°C to 100°C. 
Figure 3.3: An example of piezo-composites fabricated using multi-layer PZN-PZT (A) 
schematic illustration, (B) the piezo-composite (Yoon et al., 2007). 
4. Electro-active Polymer (EAP) Actuation Elastomers are a class of materials 
with a wide range of mechanical characteristics. Elastomers can be suitably 
tailored specific for any given application because of the flexibility of the com-
position of polymer chains and the type and density of cross links. Movement 
in EAPs is induced by the application of an electric field. EAPs include elec-
trostrictive polymers, Dielectric Elastomer Actuators, (DEAs), and conducting 
(also known as ionic or wet polymers) (Bar-Cohen, 1998). In DEAs, move-
ment is a result of Maxwell Stress-induced strain; electrostrictive polymers move 
by virtue of the alignment of charged atoms on its polymer chains; conducting 
polymers move through ion transport which is also responsible for their slow 
response (order seconds). 
P(VDF-TrFE) exhibit an electrostrictive response due to the lattice structure as 
shown figure 3.4. These are flexible and can achieve relatively substantial strains 
(7 %) when the chemical composition is appropriately modified. PVDF strains 
of approximately 3% unless the polymer chains can be altered via high-energy 
irradiation or by introducing a disrupted monomer to reduce the energy required 






Figure 3.5: Principle of Actuation (Dearing et al., 2005). 
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Figure 3.4: An example actuation of poly vinylidene fluoride polymer: (A) shows fluorine 
and hydrogen aligned along the carbon backbone once an electric field is applied. (B) is 
the non-polarized state (Madden et al., 2004) 
range between 20°C and 80 °C. DEAs are a class of EAP that have emerged in 
the last ten years. They have no intrinsic electro-active properties, but are ac-
tuated via electrostatic forces. They are compliant capacitors that consist of an 
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figure 3.5. On application of an electric field (generally > 100 MV/m), elec-
trostatic attraction between the two oppositely charged electrodes causes a me-
chanical compression in the thickness direction. This results in thickness strain 
which is coupled to in-plane strains because the material is incompressible (Pois-
son's ratio ti 0.5). This means DEAs they conserve their volume, maximizing 
the coupling between thickness and in-plane strains, and generate large electri-
cally induced in-plane strains of up to 360 % in-plane (Pelrine et al., 2000b). 
DEAs also possess a medium-fast response; the bandwidth is better than 1kHz 
for silicone (Pelrine et al., 1998). They also possess low density and mechan-
ical flexibility. These properties, combined with ease of manufacture and low 
cost, mean that DEAs offer advantages over traditional electro-active materials 
for many applications (Pelrine et al., 2000a). Notably, DEAs have been used 
for artificial muscles, robotics, pumps and Braille devices (Bar-Cohen, 1998). 
Many existing actuator designs can be maximized using DEAs. Figure 3.6 show 
different configurations for DEA elastomers. 
Figure 3.6: Existing configurations for DEAs (Pelrine et al., 2001). 
High application voltages are required which has several disadvantages such as 
safety and the size of equipment required to generate it. This also requires that 
materials are driven close to dielectric breakdown. The dielectric breakdown 
limits the electric field, hence the actuator motion, and is more likely when im-
perfections exist within the elastomer film. Therefore a suitable operational en- 
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velope needs to be established. Similarly, high voltages should not be seen as 
a limitation. Despite the need for high voltages, currents are low (order mA) 
so power consumption will be low (order of mW). Methods of reducing the 
required electric field are achieved by reducing the thickness of the material, 
generally achieved through prestraining or spin coating of the elastomers. 
5. Shape Memory Alloy Another popular material for actuator design is shape 
memory alloy (SMA), often used for active shape control in aircraft inspired by 
biomimetics (such as morphing wing). After being deformed, SMA remembers 
its original geometry and regains its original shape when heated. However, it 
has a low frequency response and a large hysteretic effect (Madden et al., 2004). 
Other disadvantages include weight and poor fatigue properties. 
6. Magnetostrictive Ferromagnetic materials undergo elastic strains when sub-
jected to an external magnetic field. The most commonly used compound is 
Terfenol-D, because it can achieve strains of 10%. The Young's modulus of 
these materials is high, as indicated in table 3.3.1. However, it is possible to 
embed magnetostrictive material in another, more flexible, material such as a 
silicone to achieve desired movement as shown in figure 3.7. In this configura-
tion, 23 tim out-of-plane deflections are attained when actuated at 300 mA dc 
and 3 V (Khoo and Liu, 2001). One of the main limitations of these materials is 
that they cannot easily be energized when applied to a structural surface. This 
limitation stems from the difficulty of creating high-density magnetic fields with-
out a closed magnetic circuit armature, resulting in a more complicated design 
with increased weight. 
3.3.1 Summary of Smart Actuator Materials 
Table 3.3.1 compares the properties of the different smart materials' performance in 
terms of strain, bandwidth (frequency response), work density, the amount of work 
generated in an actuator cycle normalised by actuator volume, electromechanical cou-
pling, the ratio of useful mechanical work to supplied electrical energy, mechanical 
stiffness and operating temperatures. Superscripts refer to :1 - with prestretch, 2 -
typical, 3- maximum, 4 - without prestretch, 5 - Rusovici and Leiseutre (2004), 5 -
Rusovici and Leiseutre (2004), 6 - Zhang et al. (1997), 7 - Pretorius et al. (2004) and 8  
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Figure 3.7: Micromagnetic Silicone Elastomer Membrane Actuator (Khoo and Liu, 
2001). 
- http://www.etrema-usa.com/products/terfenol.  
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Silicone Acrylic PZT 7 Single 
Crystals  
Strain; 1201 380 1 3.52 52 62 
in plane, % 73  83  103  
Strain; 334 --:-_, 30 
thickness 0.13 0.5-1.0 
% 
Bandwidth 1400 10/100 > 1002 < 5 < 10k lkO lk 
(Hz) 3dB > 10k3  100k 100k 
Work 0.75 3.4 0.32 1> 1002 0.025 0.10 1.0 




coupling in % 
54 60 5.5 5 n/a 52 81 
Operational 
electric field 





MV/m --.:15V ,-':-J600kA/m 
Young's 0.1 to 1.0 to 100 to 20,0002 to 25,000 10,000 4000 to 
Modulus 3.0 3.0 2,000 83,0003  35,000 8000 
MPa 
Operating -100 to -10 to 20 to -100 to -20 to -40 to -40 to 
temperature 
oc 
150 90 80 200 180 200 200 
Table 3.1: Comparison of different smart materials 
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3.4 EAP Operating Principle 
3.4.1 Polarisation 
DEAs can store charge through polarisation of electric dipoles within a material. Elec-
tric dipoles are defined as the separation of positive and negative charge and can occur 
at the atomic or molecular level depending on the type of polarisation mechanisms . 
Because the charges in a dielectric are not free to move when atoms of an insulator 
(dielectric) are exposed to an external electric field, there is a tendency for a single 
dipole to align itself with the electric field, such that the positive end points towards 
the lower potential. This process is referred to as polarisation. Figure 3.8 shows a 
representation of the dipoles without an electric field and their alignment upon its ap-
plication. Polarisation results in a net build up of charge at the surface of the dielectric 
between two electrodes which continues until the voltage drop across the electrodes 
matches the potential of the voltage source. Materials of high dielectric constant are 
able to maintain charge across the electrodes at a lower voltage, as shown by equation 
A.6. 
3.4.2 Capacitance 
The ability of a dielectric to store charge, as a result of the accumulation of charges on 
opposite side of a surface under the influence of an electric field, is known as capaci-
tance. It is a measure of electric charge stored for a given electric potential; the total 
electric charge placed on the electrodes subject to its voltage: 
(3.1) 
From the definition of capacitance, C: 
Q Q QAE Ae 
C = 	= 	= = 
V Eeff d Qd d 
(3.2) 
DEAs are compliant capacitors. The more charge they store, the more capacitance they 
possess and the greater the electrostatic forces. Capacitance depends on the following 
factors, as shown in equation 3.2: the geometry/size of electrodes, electric field across 
the electrodes and the dielectric constant of the material. 
l Appendix A discusses polarisation in more detail. 
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Figure 3.8: (a) A dielectric material without an electric field applied. (b) Dielectric 
material upon the application of an electric field 
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3.4.3 Electrostatic Pressure 
When a DEA is charged by an applied electric field, the build up of positive charge 
from polarisation on one electrode is balanced by an equal negative charge on the 
other. Since the elastomer film is compliant, the opposite charges are able to draw 
closer together by squeezing the film as a result of electrostatic attraction. In addition, 
same charges on a single electrode repel each one another, causing the electrode area 
to expand. From a mechanical point of view there are in-plane tensile forces on the 
surfaces and compressive forces through the thickness due to the respective repulsion 
and attraction of charges. 
The resulting electrostatic pressure, P, is derived in §C by calculating the elec-
trostatic energy stored on a film while taking into account the change in area of the 
electrodes. This is double the electrostatic pressure of a parallel plate capacitor due to 
the repulsion of like charges on a single electrode in addition to the attractive forces 
of opposite charges either side of the film.This electrostatic pressure, also known as 
Maxwell Stress, is the driving force for actuation of DEAs and is written as: 
v2 
P = Eo • Er • —z —2 	 (3.3) 
where Er is the dielectric constant, So is the permittivity of a vacuum, V is the voltage 
across the electrodes, and z is the elastomer thickness, with the assumption that there 
is a constant electric field across the electrodes. P is an "effective pressure" (i.e. not 
the actual one), corresponding to the pressure which would need to be applied on the 
electrode surface to achieve the same electrostatic potential energy without surface 
deformation. This formulation of effective pressure does not correspond to something 
physical, but is useful in quantifying the relative actuation intensity. 
3.4.4 Strains 
For small strains, the strain in the thickness direction is assumed to be linear and fol-
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Therefore we can substitute the effective pressure from equation 3.3 for the stress and 
get the relationship for thickness strain, Sz: 
Sz = E°er V2 	 (3.5) 
Y z2  
This equation assumes free boundary conditions. It is clear that the strain depends on 
the Young's Modulus, the dielectric constant and the electric field. Soft materials with 
high dielectric constants and ability to withstand strong electric fields are the most 
desirable. 
3.5 Material Selection 
3.5.1 Requirements 
The requirements for a dielectric material are based on equation 3.5 which states that 
the Young's Modulus, dielectric constant and electric field are the key parameters in 
order to maximise strain. The maximum strength electric field which can be applied 
across a dielectric is dependent on the dielectric strength of the material. The material 
must also have good fatigue performance. 
A short response time is also important. Ideally the material would respond 
instantaneously to the application of voltage. 
The electrode material has two primary functions: to conduct electricity during 
actuation and to follow the movement of DEA without impeding motion. The conduc-
tivity of the electrode determines the electrical time constant (RC) of the system and 
should remain low during expansion so that the time constant does not change. The 
surface density of the electrode material needs to remain constant to ensure that there 
is a constant electrostatic pressure during expansion and compression. Similarly, the 
power line, connecting the dimple to power source, needs to have good conductivity. 
3.5.2 Dielectric Materials 
The most commonly used commercially available elastomers are acrylic and silicone 
rubber (polydimethyl siloxane), although any non-conductive material can act as a 
dielectric. However, elastomers maximise strains because they are soft and possess a 
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Poisson's ratio close to 0.5. They also possess a high dielectric breakdown strength. In 
addition, elastomers are elastic, with large recoverable non-hysteretic strain. 
3.5.2.1 Elastomers 
Elastomers are long polymer molecules which consist of repeating units of small 
molecules (monomers) that are chemically bonded to one another, tied together with 
covalent cross-linkages. These large molecules cannot exist as straight, rod-like struc-
tures, but as random coils. Each random coil is entangled with many neighbours mak-
ing slippage of molecular chains difficult, although slippage may occur given sufficient 
stress. This slippage is undesirable for many applications therefore polymer molecules 
are crosslinked, so that strain is recoverable. 
Elastomers exhibit an `S' shape stress strain curve, figure 3.9. On stretching, 
the material initially appears stiff since the energy required to begin unravelling the 
polymer coils is relatively high. Once the coils have started unravelling, they require 
less energy to straighten along the direction of applied stress; hence the modulus is 
small with low stress and fairly large extensions. When the elastomer coils have fully 
unravelled the bond between the polymer chains begin to extend and as a consequence 
the curve becomes steeper (Williams, 1980). 
Strain 
Figure 3.9: Stress strain relationship of a typical elastomer. 
The physical properties of a rubber compound have a complex dependence on 
the cross-link system, cross-link density, and the type and quantity of particulate filler. 
In general these relationships can be roughly approximated as shown in figure 3.10. 
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Figure 3.10: Relationship between crosslink density and Material Properties, adapted 
from M. A. Meyers (1999) 
trial polymer blends. It is a measure of hardness which is loosely related to stiffness. 
3.5.2.2 Comparison of Mechanical Properties 
Figure 3.1 1 compares the thickness strain for a circular actuator test (CAT) as described 
in §4.5 for different materials. It is clear that silicone has a superior performance (strain 
and coupling efficiency) compared to other types of elastomers. From figure 3.11 and 
§3.4.4 it can be seen that this is a result of the low Young's Modulus of silicone and 
its high dielectric strength compared to the other materials. The poor performance of 
materials with high dielectric constant (3,5 and 7) is due to a high Young's modulus 
(3) and a low dielectric breakdown strength (5 and 7) and high shore A number (3 and 
7). 
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Figure 3.11: Comparison of electromechanical performance for a circular actuator, graph 
adapted from Pelrine et al. (2000b). N.B. Young's modulus is based on the maximum 
stress and strain values assuming a linear stress-strain curve. 
1. Silicone Nusil CF19-2186 
2. Silicone Dow Coming HS3 
3. Polyurethane Deerfield PT6100S 
4. Silicone Dow Corning Sylgard 186 
5. Silicone Dow Corning 730 
6. Fluoro-elastomer Lauren L 1 43HC 
7. Isoprene Natural Rubber Latex 
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3.5.2.3 Prestrain 
Prestrain describes an external stretch placed on the elastomer film. Originally it was 
applied to films of acrylic, 3M VHB 4910, that came prefabricated lmm thick in order 
to reduce the thickness of the film and the voltage required for actuation. However, 
it was found that prestrain can significantly increase the actuated strain because it in-
creases the dielectric breakdown strength of the material, as shown in figure 3.12. 
This has been attributed to the reorientation of chemical bonds, chemical defects and 
physical defects along the prestrain direction reducing them in the thickness direction, 
along the path of the electric field. Prestrain also increases the stiffness of the mate-
rial, although this increase does not outweigh the improvement in dielectric breakdown 
strength. Furthermore it results in improved frequency response and increased force 
output of the actuator. 
The incentive to use acrylic is the fact that it is very soft compared to silicone. 
This by virtue of its structure, soft closed cell foam. Generally, in-plane strains for 
either acrylic or silicone are between 30-40% without prestrain but with prestrain this 
can be increased to 40-50% for silicones, and up to 380% in acrylic. 
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Figure 3.12: Comparison of electromechanical performance for prestretched materials, 
graph adapted from Pelrine et al. (2000b). 
Si. Silicone Dow Corning HS3 
S2. Silicone Nusil CF19-2186 
A. Acrylic 3M VHB 4910 
3.5.2.4 Frequency Response 
The speed at which a dielectric elastomer responds to the application of an electric 
field is limited by the speed at which the electronic circuitry charges and discharges 
the dielectric films as well as the speed at which the film expands and relaxes in re-
sponse to the electrostatic forces. When the driving circuitry is sufficiently fast, the 
film expansion and relaxation dominates. This speed is determined by the geometry 
and mass of the actuator and driven load as well as the inherent viscoelasticity of the 
dielectric material. 
Viscoelastic Behaviour 
Viscoelastic materials exhibit both viscous and elastic characteristics when undergoing 
strain, (Williams, 1980). This nonlinear behaviour is characterised by stress relaxation, 
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the reduction of stress when a material is subject to constant strain (figure 3.14, b), and 
creep, an increase in strain (figure 3.14, a) exhibited by a material placed under con-
stant load. Furthermore, the material exhibits elastic hysteresis: the material's loading 
and unloading paths do not coincide (figure 3.13). 
13 0" 
(a) (b) 
Figure 3.13: Stress-strain curves for (a) a purely elastic material and (b) a viscoelastic 
material. The red area is a hysteresis loop and shows the amount of energy lost (as heat) 
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Figure 3.14: Polymer time dependence, stress relaxation and creep, (Williams, 1980) 
Figure 3.15 shows the speed of response for two different materials, silicone 
and acrylic. It can be seen that acrylic responds slower than silicone (Zhang et al., 
2004), which confirms similar findings by Pelrine et al. (2000a) who report a frequency 
response time of silicone of 2ms (0.5 kHz). Both materials have a time constant, 
that is the time taken to reach a 63 % of steady state value of strain, indicating stress 
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relaxation. In the case of acrylic this behaviour is more pronounced. The result of 
cyclic testing (Zhang et al., 2004), figure 3.16, show that maximum and minimum 
strains for acrylic increase with time. This is as a result of creep. Silicone, on the other 
hand exhibits repeatable behaviour during cycling. This shows that acrylic is more 
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Figure 3.15: Speed of response: (a) silicone SR5 actuator, 40% prestrain and (b) VHB 
F-9437PC actuator, prestrain (200%). Zhang et al. (2004). 
The bandwidth of the material is also affect by viscoelasticity. For example 
acrylic gives the highest performance in terms of strain and actuation pressure, but due 
to its high viscoelastic losses, its half-strain bandwidth' is 30 to 40 Hz for the circular 
strain test Pelrine et al. (2000b). By comparison Pelrine et al. (2000b) claims that Nusil 
CF19-2186 achieved a full-strain response at up to 170Hz. 
l the frequency at which the strain is one-half of the 1-Hz response 
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(a) 	 (b) 
Figure 3.16: Cyclic voltage loadings on (a) silicone SR5 and (b) acrylic elastomer VHB 
F-9437PC actuators. Zhang et al. (2004). 
Electrical Response time 
This refers to the time to charge the capacitance of the film, that is the "RC constant"of 











Figure 3.17: Equivalent circuit of a dielectric elastomer actuator. 
of capacitance and resistors as shown in 3.17. In this diagram, the resistance of the 
feedline, R f„diine is in series with the resistance of the electrodes, Relectrodes, the two 
electrodes, either lie either side of the equivalent capacitance of the DEA, C. In an 
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ideal capacitor it is assumed that the dielectric will prevent the flow of current through 
the capacitor. Although the resistance of dielectric is very high, there is a tiny amount 
that does flow, called the leakage current or dielectric leakage. This can be represented 
as a resistance parallel to the capacitor, R p. If R p is considered negligible the response 
to a step function can be written as: 
Vc = V,•, (1 —e— k) 	 (3.6) 
where Vc is the voltage across the capacitor, Vin is the input voltage and RC represents 
the time taken to reach 63 % of the input voltage. The voltage across the dielectric 
charges exponentially as shown in figure 3.18 where R, the equivalent resistance of the 
electrodes and feedline, is assumed to be 1 Mil and C is 30pF (typical values for a 
DEA). 
Vin = — 	 (3.7) 
where lc is current. It should be noted that the current is equal throughout the circuit 





















time in ms 
Figure 3.18: Charging voltage across a capacitor in an equivalent circuit for a DEA. 
For sinusoidal input, there is a phase shift between the current through the two 
components, R and C, therefore it necessary to calculate the reactance of the capaci- 
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tance 	= 2irlfc ) to find the impedance of the circuit, Z: 
z = (R2 + x2,. ) 1/2 
	
(3.8) 
from which the current can be worked out based on Ohm's Law: 
V = /Z 	 (3.9) 
As f—> cc, Z 	R, the total resistance of the electrodes and the feedlines. At low 
frequencies, < 100 Hz it should be noted that the RC circuit behaves in a similar 
fashion as it would respond to an step voltage. 
3.5.2.5 Dielectric Breakdown 
The dielectric breakdown strength is the electric field that provides sufficient energy 
for free electrons to accelerate to high speeds, sufficient that upon collision with other 
atoms more electrons are knocked out, which in turn strikes other atoms. As this 
process continues, the number of free electrons moving through the material increases 
exponentially, resulting in a short circuit. This is process is also known as electron 
avalanche breakdown (Sommer-Larsen et al., 2001). 
There are different mechanisms whereby the localised electric field can exceed 
the dielectric breakdown strength. Trapped charges caused by the leakage current will 
result in localised regions of excess negative charge. Other factors include material 
flaws, such as impurity particles, mechanical damage or electrical breakdown sites, 
acting as charge barriers (accumulating charge) or conductive volatiles (usually mois-
ture) which are able to permeate through a thin film. It is also possible that a sharp geo-
metric change caused by application of stress would have a similar effect to a material 
flaw, thus acting as stress concentrators. Another mechanism for dielectric breakdown 
is thermal breakdown caused by dielectric losses and Ohmic heating (through leakage 
current). Here the electrical energy is dissipated into heat which causes the conduc-
tive path(from the leakage current) to heat up and frees electrons so that the localised 
field eventually exceeds the breakdown value, resulting in failure. Another source of 
breakdown is the electromechanical instability which will be discussed §3.6.2.2 
3.5.2.6 Material Selection 
The discussion of material performance, §3.5.2.2, indicates that silicone materials are 
an ideal choice for dimple actuation. Although the performance of acrylic can be 
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enhanced by increasing fabrication complexity, it is not sufficient to match high fre-
quency response and stability of silicone. The advantages of silicone can be sum-
marised as: 
• Good thermal stability. Silicone rubber retains room temperature characteris-
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Figure 3.19: Comparison of silicone and acrylic Performance with temperature (Zhang 
et al., 2004). 
• Good frequency response. Silicone has less viscoelastic response compared to 
Acrylic, §3.5.2.4. 
• Minimal time history dependence on performance. Silicone has a stable per-
formance under cyclic loading, §3.5.2.4. 
• Resistant to external environment. Silicone is inert, chemical and water resis-
tant, impermeable to gas, resistant to oxygen, ozone and sunlight. 
3.5.3 Electrode Selection 
Electrodes must have a low resistance and must maintain, preferably constant, conduc-
tivity over a range of operating strains. As far as possible the electrode material must 
not restrict the movement of the dielectric material: they should be compliant. During 
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strain, the electrode material must not migrate causing a non-uniform electric field or 
degrade with use. 
Different electrode materials are tested and evaluated qualitatively for use with 
buckling (dimple) actuators. These results are compared to the existing literature, 
which have investigated electrodes for different types of actuators, such as linear actu-
ator (Carpi et al., 2003). 
3.5.3.1 Electrode Materials 
• Grease electrodes. Carbon grease (e.g. Chemtronics Circuit Works) is made 
from conductive graphite (or other conductive particles) suspended in silicone 
oil. Kofod (2001) used greased particles and found good performance up to 
strains of 50%, above which the electrodes migrated. Tests were carried out 
that showed grease electrodes are messy, can be ruined/spread by contact with 
other surfaces and will collect dust and other particulates with time. In addition 
the unstretched silicone diaphragms swell with time under the weight of the 
electrode grease. 
• Dust electrodes. Conductive powder, usually carbon black or graphite pow-
der, can be easily applied to the surface of the elastomer, either stenciled on or 
brushed on by hand, Pelrine et al. (2000b) and Carpi et al. (2003). Dust elec-
trodes work best when the surface of the elastomer is already tacky and adhere 
well to the surface providing good uniformity, Pelrine et al. (2000b). Com-
pared to grease and rubber electrodes, dust electrodes are low density. Tests, §5, 
showed that they have the ability to follow the DEA surface without restriction. 
It is foreseen that at higher strains the resistance of the electrode will go up. 
• Conductive Carbon black Paint. Experiments showed that the electrode, once 
the paint has dried, was hard and cracked easily. Ideally it should be flexible. 
• Graphite Spray. Electrodes were applied by spraying a suspension of conduc-
tive graphite particles in a solvent from an air-brush. The solvent had a low 
boiling point and evaporated before the solution hit the film, leaving a fine layer 
of graphite particles on the surface. It was found that the electrodes adhered 
very well to the surface and gave a superior uniformity compared to grease elec-
trodes, due to the spray's finer particles; this is good agreement with observations 
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by Carpi et al. (2003). 
• Rubber electrodes. Conducting particles are included in the polymer matrix to 
provide conduction, Kofod (2001). The volume of conducting particles included 
in the polymer carrier depends on the percolation threshold of that material, the 
critical fraction of conducting particles that must be filled in order to create a 
continuous electrical connection from one side to another. Each polymer mix-
ture and filler will have a different critical fraction. If the mixture is heavily 
loaded with conductive filler the rubber will become stiff and crack (Akbay, 
2001), a shown in figure 3.20. On the other hand if the conducting particles are 
spread too thinly, especially if making very thin electrodes, the electrode can be-
come non-conductive. This was found when 40 micron rubber electrodes were 
made using spin-coating using two fine carbon and silver particles (see §5.9 for 
more details), figure 3.21. In both cases the spacing between particles is too 
wide for electrical conduction. To overcome this problem different fabrication 
technique could be employed, such as diluting the uncured rubber electrode with 
solvent and spraying it with a graphite spray. However, the quality of the elec-
trode, in terms of uniformity or thickness, could not be controlled. In the future 
precisely controlled, and ideally automated, deposition techniques would need 
to be employed. 
a 
Figure 3.20: Sylgard 184-grease electrode a) 5% graphite b) 10% graphite (Akbay, 2001) 
Polypyrrole has also been used as conductive electrodes (Su et al., 1998) and 
the performance matches that of gold electrodes , however, since this material is 
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Figure 3.21: Left hand side: Nusil R1505 carbon-loaded conducting elastomer. The 
carbon fibre fragments are clearly visible. Note the wide spacing between fragments which 
prevents electrical conduction. Right hand side: Nusil CV2646 silver-loaded conducting 
elastomer. The silver particles are seen. Typical particle diameter is 6 microns (Arthur 
et al., 2005, 2006a) 
ionic it must be kept wet. One can envisage polypyrrole electrodes encased in a 
protective material preventing the electrodes from drying out. However this has 
not been yet developed. 
• Gold electrodes. 
Metal electrodes can easily be deposited 0.1 nm thick, but at strains higher than 
4% have been reported to crack (Pelrine et al., 1998). Concentric gold electrodes, 
200 nm thick, are used for driving membranes for use as synthetic jets (Pimpin 
et al., 2004). This design is more compliant than single sheet metal electrodes. It 
is possible to manipulate the stiffness of the electrode through electrode coverage 
area and ratio of gap to electrode width to find an optimal response, in terms 
of deflection and frequency. The maximum achievable strain is still somewhat 
limited since high strains are not required for the dimple actuators (for out of 
planes deflections of 0.1 depth to diameter ratio radial strains are less than 5%). 
• Structured electrode. Pelrine et al. (1998) developed this new type of electrode 
to overcome the low strain of metal electrodes. Strains were reported in excess 
of 80%. A trace of gold of 0.1 nm thick, 5ktm wide is sputtered onto a low 
conductivity surface and then patterned via photolithography, figure 3.23. Pel- 
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Figure 3.22: Concentric gold electrodes, 30 microns wide with 10 micron gap on a dimple 
of 3mm diameter (Arthur et al., 2005; Dearing et al., 2005). 
rine et al. (1998) suggests it is more reliable because once breakdown occurs the 
voltage first passes through the low conductivity material and then the high con-
ductivity material, limiting the breakdown current and preventing catastrophic 
breakdown. 
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Figure 3.23: Structured Electrode (Pelrine et al., 1998). 
3.5.4 Electrode Performance 
Carpi et al. (2003) have studied the electromechanical performance of electrodes of 
different materials; prestretched linear actuators were tested with different electrode 
materials. The electrodes did not perform equally but exhibited different maximum 
allowable voltages before material breakdown. In the case of graphite spray the strain 
field saturated (that is there was no increase in strain with increasing electric field), 
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figure 3.24. Carpi et al. (2003) suggest that the electrodes deviate from ideal con-
ductors and the electric field generated across electrodes is no longer V/z but can be 
described equation 3.10, Gauss's law. This shows that the electric field, E, increases 
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Figure 3.24: Electrode performance for a linear test under 2 seconds impulse excitation, 
Carpi et al. (2003). 
Another relevant aspect of electrode performance is the change of resistance for 
different stretch ratios (Toth and Goldenberg, 2002) and the change in stress-strain 
relationship of material with electrodes (Kofod, 2001) which will alter the electrome-
chanical characteristics. Once these have been established the input voltage needs to 
be appropriately controlled in order to maintain a constant electric field/electrostatic 
pressure across the electrodes. 
3.6 Electro-Mechanical Modelling 
The actuation strain for DEAs with free boundary conditions can be derived for either 
small or large strains. The approach consists of decoupling the electrostatic prob-
lem from the mechanical response. Literature suggests (Pelrine et al., 2000b) that for 
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thickness strains less than 10% and with free boundary conditions the material can be 
assumed to be linear (Hookean). An electro-mechanical model is built from this as-
sumption, Section §3.6.1. At larger strains the thickness strain becomes a function of 
itself. Hence the electrostatic model must be updated taking into account this nonlin-
earity, either using a linear relationship between stress and strain or a nonlinear model, 
Section §3.6.2. 
3.6.1 Small Strains 
The mechanical equilibrium of a DEA can be written as: 
Sx, = 1
Y 









[azz — v ( o-xx + o-xx)] 
where all and Sii have the stress and strain along Cartesian coordinates x,y and z. For 
an unconstrained film, that is free boundary conditions, axx and ayy equal zero and 
au is equal to the effective pressure such that if Poisson's ratio is assumed to be 0.5, 
Pelrine et al. (1998), then: 
, 	0.5P 
oxx = y 
0.5P 
Syy = 	y 
—P 
Szz = 17- 
Since the value of P is not known precisely, it is common to measure lateral 
strain and use this to work out thickness strain. From volume constancy it is possible to 
convert radial strains to strain in thickness. Taking an undeformed cube of dimensions 
xoyozo which is then stretched to dimensions xyz, where x = dx + x0, y = Ay +yo and 
z = Az + zo respectively. Hence: 
xyz = xoYozo 
	 (3.11) 
Since strain is Sx = xx° , Sy = Yily and Sz = T, then: 




17 	4(1 + Sz )2 
EO.Er 	v2 sz = (3.16) 
3.6 Electro-Mechanical Modelling 
For the unconstrained case Sx = S y = Sr. Therefore equation 3.12 becomes 
(1 +Sz )(1 +Sr )2 = 1 
	
(3.13) 
Multiplying equation 3.13 out it becomes: 
Sz 	2Sr + SzSr + Sr = 0 	 (3.14) 
Solving for Sr the positive solution for strain results in: 
Sr =(1+Sz)-o.5 -1 	 (3.15) 
3.6.2 Large Strains 
For larger strains equation 3.5 breaks down for two reasons. At high strains the thick-
ness can no longer to be constant in equation 3.3 hence the effective electrostatic pres- 
sure is no longer proportional to 4 but changes as a function of strain such that the zo 
film thickness is replaced by zo(1 + Sz) Pelrine et al. (2000b). As result of this the 
electrostatic pressure can be calculated iteratively as discussed in Section §3.6.2.1. 
Furthermore the Young's modulus becomes a function of the strain itself Pelrine et al. 
(2000b). This nonlinear relationship, as described in Section §3.5.2.2, can be captured 
using models based on hyperelasticity, such as the Mooney-Rivlin and Odgen models 
(Kofod, 2001; Pelrine et al., 1998; Wissler and Mazza, 2005a,b). 
3.6.2.1 Electrostatic Model 
The thickness strain is written as: 
Newton Raphson method is used to find Sz 
Sz i 
0 6 • Er 	V 2 = 
4(1 +Sz (i— 1))2 
(3.17) 
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3.6.2.2 Electro-Mechanical Instability 
The electrostatic model based on large-strain shows the existence of an electro-mechanical 
instability, referred to as a "pull-in failure" mode, as shown in figure 3.26. This in-
stability occurs because beyond a certain value of strain, the electrostatic pressure is 
applied faster than the restoring pressure from the material's elasticity, beyond which 
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Figure 3.25: Comparison of Small Strain Model and Large Strain Model based on §3.6.1 
and § 3.6.2.1. This analysis is based on silicone, which typically has a dielectric constant 
of Er = 2.8, Y = 0.2 x 106 MPa. Thickness is chosen to be 40 tim 
is found, from figure 3.26, that beyond a thickness strain of ti 30 — 35% at 35 MV/m, 
the strain rapidly increases. This is confirmed by experiments carried out by Pelrine 
et al. (1998) who shows failure occurs at thickness strains of 30-34 % (Pelrine et al., 
1998) supporting the instability criterion. 
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Figure 3.26: Comparison of small strain model and large strain model. This analysis is 
based on silicone, which typically has a dielectric constant of Er = 2.8, Y = 0.2 x 106 MPa. 
Thickness is chosen to be 40 pm 
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3.6.2.3 Comparison of Small-strain and Large-strain models
Pelrine et al. (2000a) compares the electrostatic model with free boundary conditions
based on a linear material relationship and the nonlinear Mooney-Rivlin model to ex-
perimental data, figure 3.27. At strains >6 % the models diverge and the experimental
data fits the large strain model. This is in good agreement with results shown in fig-
ure 3.25, which shows the small and large-strain solutions diverge at a thickness strain
of -2% onwards (radial strain of ~ 6 %. Pelrine et al. (1998) suggests that the small-
strain assumption to be valid for thickness strains less than 10 %. This is confirmed by
Kofod (2001) who noted that the linear model provides a good fit to experimental data
up to 10 %. However, both these results are not substantiated by §3.6.2.2. It is noted
that this value is dependent on Y and Cr. Experimental data, §4.5, show that at very
low strains the large strain model and the small strain model fit data well, depending









Figure 3.27: Response of silicone rubber to an electric field; comparison with electrostatic
model., Pelrine et al. (2000a).
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3.6.2.4 Nonlinear Material Modelling: Hyperelasticity
Hyperelasticity can be used to model the exact stress-strain curves of the dielectric
(Goulboume et aI., 2004b; Kofod, 2001; Pelrine et aI., 1998; Wissler et aI., 2005) and
provide a means of estimating Young's modulus at low strains in a more systematic
fashion than estimating the tangent to the stress-strain curve (Kofod, 200 1). Models
of hyperelasticity are capable of describing the nonlinear load extension behaviour
and large deformations of incompressible materials. The mechanical behaviour of
hyperelastic materials is usually described using strain energy potentials which relates
to the energy stored in an elastic material. The strain energy, W, depends on Ii, the
invariants of the Cauchy green deformaton tensor(calculated from the eigenvalues of
the deformation gradient tensor), the principle stretch ratios, Ai = 1+Si, where Si refers
to the strain in the .th direction.
t, = Af +Ai +Aj
h = (A1 A2)2 + (A2A3)2(A3AI)2




The principal Cauchy stress, (5i (defined per unit cross-sectional area in the deformed
configuration), is related to the strain energy potentials through equations D.16 using
finite elasticity, as described in Appendix D :
2aw 2 aw(51 = 2A1 - - --- - p (3.21)
all Af oh
(52 = 2Ai oW _2- oW - p (3.22)
all Ai ah
2aw 2 oW(53 = 2A3 - - --- - p (3.23)
ah Aj ah
where <J'1, <J'2 and (53 are the stresses in thex,y,z directions (1,2,3 respectively).
Hyperelastic models can be split into three categories, one that provides a phe-
nomenological description of behaviour (Mooney Rivlin, Ogden, Polynomial and Yeoh),
mechanistic models derived from arguments using the underlying structure of the ma-
terial (Arruda Boyce and Neo Hookean) and hybrids of the two (Gent). The most com-
mon is the Mooney-Rivlin which can adequately capture the behaviour of elastomers
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up to a strain of 150% (Pelrine et aI., 2001). Therefore, the Mooney-Rivlin is exam-
ined here. For higher strain an Odgen model is more suitable (Kofod, 2001), as shown
in figure 3.28. However, Wissler et aI. (2005) uses uniaxial data to find the constants
to constitutive models and match it to experimental data of electro-mechanical circu-
lar actuator tests, conclusing Yeoh a more suitable candidate although this experiment




Figure 3.28: Fit of a Hookean model, Neo-Hookean mode, two-term Mooney Rivlin and
two-term Ogden model based on uniaxial data, Kofod (2001)
Mooney-Rivlin Model
A strain energy function of the form
(3.24)
represents the Mooney Rivlin second-order equation. ClO and COl are constants. Dif-
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When deformation is applied to a thin sheet a plane stress situation exists and
<J'3 = O. For uniform extension (here in direction 1) with simple (uniaxial) tension,
there is a symmetry about Xl therefore the stresses in the directions 2 and 3 are both
zero (0"2 = 0"3 = 0). A2 = A3 because Al = A31A2 ' A2 = Apo5' Therefore, the principal
stresses can be written as:
2 2
<J'l = 2AI CI - -COl - PAf
1
<J'2 = <J'3 = 2CI Al - 2COlAI - P
Since <J'2 = <J'3=0 the hydrostatic pressure can be written as:
Therefore:
which can be reduced to















The analysis by Kofod (2001) was extended to the biaxial case. For biaxial
tension Al = A2 = A and A3 = 12 therefore
2 20"1 = 0"2 = 2C1A - A2Co1- P
1 4(j3 = 2CI A4 - 2A Co1- P
and thus it can be found and substituted in for equation 3.37:
2 2 1 4(jl = (j2 = 2CIA - A2COl - (2CIA4 - 2COIA )
which can be rewritten:
0"] = 2CI(A2- ;4) +2CO] (A4- ;2+)
Therefore the Young's modulus can be written as:







The stress-strain behaviour of the elastomer is established through mechanical testing.
Materials are deformed to induce one of three states of stress: simple tension, the
planar tension or equibiaxial tension, as shown in figure 3.29, using uniaxial, shear or
biaxial test. The uniaxial test is most commonly employed to evaluate the material
properties. However, in the case of the electrostatic actuation, with clamped boundary
conditions as required for the dimple actuators Chapter 5, the equibiaxial stress state
is induced. Hence a biaxial test is required.
The mechanical test data is also used to find model coefficients of the consti-
tutive material models, described in §3.6.2.4. For modelling purposes, such as finite
element, these coefficients are used as input for the material properties to provide an
accurate description of the stress-strain behaviour. It is necessary to test for all the
deformation states that will be induced to prevent the computation of erroneous strains
or stresses. In the case of electrostatic activation, more than one stress and defor-
mation states are induced and it is insufficient to perform only uniaxial tests, Wissler
et al. (2005). Instead strain biaxial or three-axial experiments need to be performed in
order to determine the strain energy function that accurately characterizes the elastic
component of the mechanical behaviour.
66
3.6 Electro-Mechanical Modelling 
Simple 	 Planar 	 Equibiaxial 
Tension Tension Tension 
   
   
 
Specimen 
   
   
1 






     
    
Stress 
State 
     
Figure 3.29: Simple tension, planar and equibiaxial tension test specimens with corre-
sponding stress states. 
3.6.3.1 Uniaxial Test 
In an uniaxial test a longitudinal specimen is placed in an Instron tensile machine and 
elongated in the longitudinal direction. 
The most significant requirement in order to achieve a pure tensile state is that 
the specimen must be much longer in the direction of stretching than in the width and 
thickness dimensions. FE analysis on the specimen geometry shows that the specimen 
length to width ratio needs to be at least 10:1. Dogbone specimens are used to prevent 
failure at the point of attachment. This is especially important when measuring materi-
als until failure. Elastomers, however do not require dogbone shaped specimens since 
the stretch is too large to be measured up to failure. Non-contact extensometry, such as 
digital speckle photogrammetry and video extensometry, is needed to capture an area 
of pure tensile test in the specimen; there are too many inaccuracies from excessive 
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stretch in the grip region. 
3.6.3.2 Biaxial test 
In a biaxial tension test the specimen in sheet form is stretched radially, figure 3.32. 
There are several important aspects of the test. The issue of clamping is fundamental. 
These techniques require exceedingly complex devices to ensure that clamps separate 
uniformly from each other as the specimen is deformed. Strains must be measured 
precisely, using non-contact means and far away from the grip sections. 
Figure 3.30: Standard biaxial test 
Bubble inflation, or bulge testing presents a simpler experimental approach to 
achieve the same end. The test involves the application of a differential pressure caus-
ing the membrane to inflate like a balloon, as shown in figure 3.41. It has been typically 
used for the determination of mechanical properties of thin films with Young's moduli 
considerably larger than that of Silicone (> 1000 x ) based on thin plate theory, Vinci 
and Vlassak (1996) and Miao et al. (2005), and thin membranes such as shape mem-
ory polymer films, Poilane et al. (2000), using membrane theory. In this instance the 
membrane is still considerably stiffer than the elastomers used in DEAs. Additionally, 
the inflation of elastomeric membranes is also used to provide a biaxial stress state to 
biological tissue (Kubicek et al., 2003). A relatively recent work, (Reuge et al., 2001) 
has used the inflation test to characterise the biaxial properties of silicone rubber using 
experimental data to validate numerical models. 
The inflation of the membrane results in a biaxial state only at the pole so that 
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1ff 
Figure 3.31: Inflated bubble in biaxial tension. The axis of hoop, circumferential and 
thickness stress is shown at the pole, Reuge et al. (2001) 
gee = 600 = o. The radial stress, c„, is neglected since the membrane is very thin 
and shell assumptions apply. The hoop stress, o, can be related to the pressure of the 
bubble by balancing the forces at a cross section of the bubble, as shown in figure 3.32. 
6t27rr, = 	 (3.40) 
where t is the membrane thickness, r, is the radius of the bubble and p is the internal 
pressure of the bubble. Equation 3.32 can be rewritten as: 
Figure 3.32: Free body diagram of a spherical pressure vessel 
n c 
CT = 	 
2t 
(3.41) 
The hoop stress is not the same as the engineering or nominal stress used for the curve-
fitting of hyperelastic models. Hoop stress is considered to be true stress where the 
stress is calculated based on the deformed area and not the initial area. For most exper-




Gtme = (1 +Ce)(Ge)
Ctme = In(1 + ce)
(3.42)
(3.43)
where Gtme, Ctme, Ge, e, is the true stress, true strain, engineering stress and engineer-
ing strain. By measuring strain with non-contact measuring techniques, equation 3.41
is used to find the stress-strain relationship of an elastomer under biaxial tension. The
thickness, if not measured, can be calculated from incompressibility. The hoop stretch,
Aee, is the ratio between the current length of the profile contour of the polar zone, 1,




Since the incompressibility relationship can be expressed as:
(3.44)
(3.45)
where Arr is the stretch ratio in the thickness direction. Using equations 3.45 and 3.44
the thickness at the pole can be written as:
to
t=-2-Aee
where to is the original thickness of the membrane prior to inflation.
3.6.3.3 Cyclic Behaviour of Elastomers
(3.46)
Elastomers often exhibit stress softening behaviour widely known as Mullin's effect,
first discovered by Mullins (1947). On initial loading, it is found that the undeformed
material exhibits a relatively stiff response. When the material is subsequently un-
loaded, then reloaded, the stress-strain curve shows a significantly reduced stress-strain
path. After several cycles, the stress-strain response stabilizes, and additional cycles
merely retrace the path of the stabilized stress-strain curve, figure 3.33. If the previous
maximum strain is not exceeded, the effect is relatively permanent. This means that the
hysteresis during the first few cycles of loading to a new maximum strain level is much
greater than the hysteresis under subsequent steady-state cyclic loading. Generally the
stress-strain function stabilises between 3-20 repetitions tes. Hysteresis can be worked
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out from the difference in the area under the stress-strain curve, alternatively written
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Figure 3.33: Cyclic loading of filled natural rubber(AXEL, 2007)
The degree to which rubber is softened by the Mullins effect depends on the
maximum value of the strain experienced during the loading history. Hence the larger
the maximum strain experienced, the softer the stabilized response. The large initial
hysteresis is believed to be associated with dissipation of strain energy due to the rear-
rangement of loading paths (bonds) in the elastomer-filler material system. The precise
types of rearrangement is poorly understood and several plausible theories have been
proposed, Mullins (1947). Another consequence of Mullin's effect is that, after the
initial strain, the material does not return to zero strain at zero stress. There is some
degree of permanent deformation.
3.7 Electro-mechanical Testing
3.7.1 Circular Actuator Tests
Circular actuator tests comprise a thin elastomer film placed uniformly over a frame,
generally with prestretch, Wissler et aI. (2005) and Pelrine et aI. (2000a), with a circular
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electrode deposited on the film, as shown in figure 3.34. Upon the application of an
electric field the film between the electrode contracts in thickness and expands in area.
This electro-mechanical test acts as a benchmark for evaluating the performance of







placed on rigid ..-.. ....
frame
a) Unactuated b) Actuated
Figure 3.34: Circular Actuator
(2005) involves prestretched acrylic 3M tape as the film for the circular actuators. Its
performance is used for characterisation of the constitutive material model. Pelrine
et aI. (2000a) uses the circular actuator test to evaluate the performance of various
materials, as summarised in table 3.11. However, it is not clear if the specimens are
prestretched or not. These elastomers are prepared by dissolving the uncured polymer
in a suitable solvent and then spinning the solution on a disk. The speed is selected to
produce thicknesses of 1-100 J.1m depending on the material in order to sustain I-10kV.
3.8 Summary
This chapter has outlined the theory required to understand the EAP operating prin-
ciple and the results of Chapters 4 and 5. In the next Chapter, 4 the suitability of the
mechanical tests outlined here is evaluated. Material properties and electromechani-






Control strategies for turbulence require models that faithfully represent the input, out-
puts and at least some of the important dynamic processes of turbulent flow systems
(Jacobs, 1993). Actuator input is then specified in relation to the desired objective
based on this model. The actuator behaviour must be characterised, that is, for a
known voltage the actuator output must be known exactly as the input into the fluid
domain. Hence it is necessary to characterise the electro-mechanical performance of
the actuator which in tum is dictated by material properties.
Generic material information can not be used for the material characterisation,
in part, because the thin film elastomer membranes used as the dielectric do not neces-
sarily possess the same properties as bulk materials (Vinci and Vlassak, 1996)) which
are used for such tests. In addition, it is a well known fact that elastomers are sensitive
to the fabrication methods (Bower, 2002). In fact any variation in the ratio of cross
linking to polymer chains, solvent quantity (Rosset et aI., 2007) and type (private com-
munication with Prof. R. Hill, Imperial College) as well as curing temperature and
conditions will alter the mechanical properties.
The chapter deals with material characterisation of different potential materials
for the EAP dielectric, MED 4930 and MED 4905, in terms of mechanical and electro-
mechanical properties, using the methods of characterisation described in §3.6.3. This
section has two objectives: to establish whether the method of characterisation is suit-
able for elastomers and to evaluate the suitability of these materials as the dielectric
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for EAP dimples. Mechanical tests are used to provide information of the stress-strain
behaviour of the elastomers, establishing the coefficients for the Mooney-Rivlin con-
stitutive model, equation 3.24 used for estimates of Young's modulus in small strain
modelling, §3.6. I, and large strain models, §3.6.2. Cyclic tests provide information of
viscoelastic material response, which is found to be another important material consid-
eration, §3.5.2.4. Electro-mechanical properties are studied using the circular actuator
test as discussed in §3.7. I, including the dielectric strength and maximum strain for a
given voltage.
4.2 Tested Materials
Two different elastomers, Nusil MED 4905 and Nusil MED 4930 are investigated.
They are two part silicones, such that vulcanisation occurs only upon mixing of the
two parts, and both have the same chemical classification.
These materials were selected because, in addition to advantages of silicone as
described in §3.5.2.6, they are very soft materials with good dielectric breakdown
strengths and are compatible with casting, extrusion and spin coating techniques. The
main difference between them is the shore A number and the Young's modulus. MED
4905 has a shore A number of 5 thus is considerably softer than the MED4930; it ex-
tends 1100 % at a maximum tensile stress of 3.6 MPa according to the Nusil data sheet.
MED4930 has a shore A number of 30 and reaches a maximum elongation of 750% at
9.3MPa. The stress at 200%, a common measure of performance for elastomers, is 0.3
MPa and 1.2 MPa respectively.
4.2.1 Fabrication Techniques
Spin coating is commonly used for MEMs fabrication and has also been used for EAP
fabrication (Pelrine et aI., 2000b; Rosset et aI., 2007). During spin coating the two
part elastomer is diluted with solvent and mixed together. A bead is placed onto the
substrate which rotates at high speeds spreading the bead into a very thin uniform film.
Due to viscosity of the elastomer a high solvent fraction is need (typically 36-45 %),
figure 4. I. The elastomer it is cured in an oven at high temperatures after the solvent
is partially allowed to evaporate at room temperature overnight.
Prior to elastomer deposition a water soluble layer is deposited. In this way the
74
4.2 Tested Materials
elastomer can be lifted off ready for testing after the silicone wafer is cut with a ce-
ramic cutter. Generally it is cut larger than the required size because the elastomer
samples shrink when lifted off. Other commonly used fabrication techniques include
casting, dipping or extrusion (Pelrine et aI., 2000a). Spin coating yields the best per-
formance because films have the highest uniformity. The other processes are limited
in the minimum thickness they can produce where as spin coating is able to produce
thin films of a range of 1000 J1 m - 1 J1 m thick.
~y :%
Dispense Spread Cycle
.-- c ?~ :% rL:=
Spin Cycle Edge Bead Removal
Figure 4.1: Spin coating process: a bead of polymer is dispensed on a spinning substrate.
The centrifugal forces act to spread the coat uniformly (Gad-el-Hak, 2002).
The materials are fabricated into sheets by depositing uncured polymer onto a
stiffer backing material or substrate. The polymer is subsequently cured at high tem-
peratures. Sheets from different sources were tested: SSFAB, an American company
who primarily deals with the biomedical industry, who use extrusion for the fabrica-
tion of thin sheets of 100, 75 and 50 J1m of both MED 4930 and MED4905; Polymer
Systems, a UK based company that provide 250 J1m sheets of MED4905 fabricated
via casting; the polymer processing research centre, Queen's University Belfast, use
extrusion to make 100 J1m sheets of MED4905 and Rutherford Appleton Laborato-
ries(RAL) who spin-coated 250 J1m, 100 J1m and 40 J1m sheets of MED4905. This





Samples of MED4905 and MED4930 were measured in-house using an Instrom ma-
chine with a 1kN load cell, serial number 1528. Samples of MED4905, 250 J1m thick,
were sent off to an commercial material testing company, Axel! to verify techniques
set-up in-house. Elastomers samples are cut with a blade into rectangular strips, di-
mension and characteristics described in table 4.1. The force applied to specimens is




iBatch no. Manufacturer Material Fabrication method Thickness Width Length
I I I I Imicrons Imm lmm !
r 1iRAL IMED 4905 !s~in coating ! 401 51 501r 21RAL IMED 4905 Ispin coating I 1001 51 501
I 3iRAL iMED 4905 Isnin coating___ ,__ 250 I 51 __50 I
r----------4iBeifust----- iMED 4905 Ie~rusion l ~ 101 100 I
I 5iSSFAB IMED 4905 lextrusion I 1001 101~
! 61SSFAB IMED 4930 lextrusion I 1001 101 _~L __ 7IPolymerSystemsIMED4905IcastinR L 2501 101 1501
1Tested externally I. I I. I I
I
IbyNusU lNuS11 ,MED 4905 castmg 2000 Unknonrn Unknown
Tested externally I I r-,
!
bYNUSU . tNUS.il .. !MED4930 casting. =± 2000l~. -'Unknown
Tested externally I L I
IbyAxel __.__JPolymer.§ystems /MED4930 casting______ _~ _lQL~
Table 4.1: Summary of elastomer specimens
The loadcell's precision and accuracy is measured, as shown from table 4.2, to
establish if it was suitable for the application. Different weights are measured by a
weighing scale and the load cell thus the difference between the two was found. Table
4.2 shows that accuracy of the 1kN load cell is an issue at very low weight (0.050
Newton) but the precision of the measurement is very good and the error from accuracy
tapers off with increase in weight, the load cell is suitable for this measurement. Even
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is a hundredth of the maximum force of load cell. This mismatch explains the noise 
on measurements, as shown in stress-strain diagrams in 4.3.2.2; unfortunately a lower 









Precision, % Accuracy, % 
5.1 0.050031 0 05 0.01 -0.062 19,988 
10 0.0981 0.1 0.01 1.937 10.194 
20.2 0.198162 0.195 0.01 -1.596 5.046 
50.3 0.493443 0.495 0.01 0.316 2.027 
100.4 0.984924 0.985 0.01 0.008 1.015 
200.6 1.967886 1 96 0.01 -0.401 0.508 
Table 4.2: Error Calculations of Load Cell 
End taps are employed to prevent the material from sliding from the grips. Two 
pieces of STICK & FIX double sided foam pads I were placed either side of the ex-
tremes of specimen. The material was sandwiched between two plates and gripped. It 
was believed that the plates, being flat would provide a uniform stress, the foam would 
merely provide something to hold on to. Alternatives were tried: the ends were en-
cased in a thermoplastic, fibre glass end taps were used, the elastomer alone was used. 
These alternatives did not prevent slippage and/or generated wrinkling in the material. 
Figure 4.2: Camera Set-up. The cameras are mounted infront of the test sample at the 
correct working distance from the specimen. 
Measurements of strain were also taken with strain measured using Digital Speckle 
I http://www.sellotape.com/ 
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Photogrammetry (DSP), monitored in the middle of the sample. It is a non contact 
full-field measuring method. The object under test is viewed by a pair of high res-
olution, stereoscopic digital CCD cameras for the 3D deformation measurements, as 
shown in figure 4.2. The cameras are calibrated to take into account information of 
the camera angles, lenses uses, aperture and working distance from the specimen. A 
random (speckle) pattern with good contrast is applied to the surface of the test object, 
which deforms along with the object. The deformation under different load conditions 
is recorded by the CCD cameras and evaluated by comparing the speckle pattern in 
different images. 
In the uniaxial experiment the DSP was calibrated for a measuring volume of 
100 x 80 x 80mm3. Water based paint was originally used as the speckle pattern. This 
was later substituted by graphite powder mixed with talcum powder, because it was 
believed that the paint created wrinkling in the specimen. This created a finer speckle 
pattern, hence the measuring volume was reduced to 65 x 56 x 56mm3. Since a strain of 
> 30% could not be measured because beyond this value the distance between speckles 
became too large for evaluation, the Instrom crosshead movement is used to calculate 
strain. Tests are stopped before failure is reached because the elastomers stretch be-
yond the limit of the machine. 
4.3.2 Results 
4.3.2.1 Testing Issues 
Specimens from batch 7 are measured in-house as well as by Axel, who use an exten-
someter to measure the strain. 
The stress-strain characteristics are shown in figure 4.3. The results from the 
Instrom machine, are repeatable, do not coincide with the Axel data. The noise on 
the curves is Gaussian, therefore the curve can be suitably smoothed using smoothing 
functions in matlab. The sudden increase in noise for specimen 2 at 400% strain is 
accounted for by the onset of a failure at the edge of the specimen. Axel specimens 
have a lower stress-strain curve: the stress at 200 % is 0.255 MPa for the Axel tests, 
0.8 MPa for the tests for the in-house tests. 
There is no evidence to suggest this discrepancy arises due to the load cell, since 
the sensitivity has been checked, as discussed in Section §5.8. During the tensile test 
1Details of the procedure can be found in ??. 
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specimen 1 (batch 7) 
specimen 2 (batch 7) 
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Figure 4.3: Comparison of stress-strain characteristics for MED4905, 250 thick, measured 
on different machines. 
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there is, however, a curvature develop that across the membrane beyond a strain of 20 
%. At first it was believed to be an artifact of the paint applied for the speckle pattern 
of the DSP. However, when the random pattern is made from dust, the effect is still 
present. Using the DSP, it can be seen that a non-uniform strain distribution develops 
across the specimen for strains greater than 20%. It is also noted that at this strain 
Axel and in-house curves diverge in figure 4.3. This curvature indicates that there is 
a component of strain from v94-7Y, hence does not produce planar loading conditions 
such as those required for a uniaxial test. This means that the planar assumption: 
CrXX (4.1) Exx = 
Y 
is not strictly true, instead there is a component of strain from v °±Y,Y . Only if this 
component is much smaller compared to , then the planar assumption still holds. If 
it assumed that cry), is 10% of ax, there is a deviation of 5% in strain. In fact, it is found 
that at the difference between the Axel data and the in-house becomes progressively 
larger, such that at maximum strains there is a deviation of 25% ( equivalent of ayy is 
50 % of o-xx). 
It is hypothesised that the degree of curvature is a function of the uniaxial tension, 
which is directly related to the size of the specimen. A smaller specimen at the same 
stress as a larger one will be under a smaller load, which will cause an increase in the 
curvature across it. This means there is a larger component v "IF in smaller specimens. 
In order to verify this more tests must be carried out, using different specimen sizes. 
It is suggested that the curvature is a result of the fabrication process. A similar 
effect was seen when solvent was sprayed onto the membrane. If one surface of the 
membrane that was sprayed is constrained by the backing material and the other free, 
when the backing material was peeled off, it curved in the direction of the surface 
not constrained. The solvent when absorbed by the elastomer film, permits elastomer 
chains to slide past each other (within a certain degree). When the solvent evaporates 
the elastomer chains return to their original configuration. However, if on one side the 
elastomer chains are prevented from moving and the other is free the polymer chains 
distort and therefore when the solvent evaporates, the polymer chains do not return 
to the original state but are permanently distorted. When the elastomer is fabricated 
the 2-part mixture is rolled onto the backing material, thus acting a constraint on one 
surface but not on the other. 
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Figure 4.4: Curvature due tensile testing of elastomer specimens. 
4.3.2.2 Stress-Strain Relationship: Comparison of MED4930 and MED4905 
Figure 4.5 shows compares the stress-strain curves for batch 5 and batch 6 using the 
Instrom machine. It shows that the stress-strain behaviour of MED4930 is stiffer than 
the MED4905. Both curves shows similar stress-strain behaviour; a classical S-shape 
curve. Initially the material appears to be stiffer, it requires some extra energy to begin 
unravelling the polymer coils. Once the coils have started unravelling they straighten 
along the direction of applied stress. 
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Figure 4.5: Stress-Strain behaviour of MED4905 (100 iim; in-house tested) and 
MED4903 (100 gm; in-house tested) 
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4.3.2.3 Modulus estimate 
The tensile modulus for MED4930 and MED4905 is found to be 2.27 MPa and 0.226 
MPa based on two term Mooney-Rivlin constants using equations derived in §3.6.2.4. 
MED4930 modulus is estimated based on constants C10 of 28 kPa and C01 of -99 
kPa. The fit is found to be suitable up to 100 %, figure 4.6, beyond which a higher 
order Mooney-Rivlin model is clearly more suitable, as shown in figure 4.7. Similarly 
the Young's modulus is estimated at 0.226 MPa based on a two term Mooney-Rivlin 
relationship, shown in figure 4.6, for the Axel dataset. The dataset is fit up to 200 % for 
an accurate fit. The constants are C10=41 kPa and C01=3.3 kPa. It is highlighted that 








Figure 4.6: Curvefitting of two term Mooney-Rivlin for MED4930 
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Figure 4.7: Curvefitting of two term Mooney-Rivlin for MED4930 
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4.3.2.4 Stress-Strain Relationship: Effect of thickness and fabrication 
Figure 4.8 shows stress strain characteristics of MED4905 manufactured with different 
fabrication techniques, as described in §5.9 and at different thicknesses. Qualitatively 
the following trends are highlighted: 
• Spin coated samples (cyan, pink and blue curves representing samples from 
batch 1,2 and 3) are stiffer at all thickness compared to other specimens and 
the stiffness increases with thickness. This is consistent with a residual stress 
developing in the film due to the shrinkage in the elastomer during the evap-
oration of the solvent, which also justifies why samples shrink when lifted off 
from the wafer. Although the fraction weight of solvent for dilution is constant, 
the volume of solvent increases with thicker specimens, thus more shrinkage 
occurs; hence an increase in residual stress in the film. This observation is con-
sistent with finding of Rosset et al. (2007) who studied the mechanical proper-
ties of silicone elastomers cured with different curing methods: oven curing at 
100°C, curing under vacuum at room temperature and under solvent saturated 
atmosphere at room temperature. It was found that oven curing increases the 
Young's modulus of the specimens since there is an augmentation of the solvent 
evaporated from the elastomer sample. 
• Nusil data sets based on 2mm thick specimens, from 3 separate batches, that 
is fabricated separately, have a standard deviation of 76kPa. This is consistent 
with the MED4930 data, as shown in figure 4.9, that have a standard deviation 
of 698kPa. The reason for the deviation in the Nusil data is unclear. However, 
it is a well know fact that elastomer properties are sensitive to fabrication: any 
variation, even small, in the ratio of cross-links to polymers, the curing temper-
ature, the solvent type and quantity will alter the polymer composition slightly, 
thus changing the mechanical properties. 
• The Nusil data appears to be softer than the thinner samples, that is 100 and 
250 pin samples (extruded and pressed respectively). These latter data sets, both 
tested in-house have the same stress-strain data, although they are both appar-
ently stiffer than the Axel tested data set, for the same reason as discussed in 
Section §4.3.2.1. The behaviour of Nusil samples compared to extruded sam-
ples is the same in the case of MED4930. 
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Figure 4.9: Stress-strain characteristics of MED4930 
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4.3.2.5 Cyclic Testing 
Cyclic tests were also carried out by Axel, figure 4.10, where the material was loaded 
and unloaded repetitively. The black and red curve in figure 4.10, the stress-strain 
curve results for 50N and 250N load cell at a strain rate of 0.083 mm/s and 0.83 mm/s 
respectively show very similar stress-strain characteristics even though the strain rates 
are different. The cyclic behaviour of the MED4905, figure 4.10 shows stress softening 
widely known as the Mullin's effect, Mullins (1947). The stress-strain function is 
different for the first cycle and the strain does not return to zero; there is some degree 
of permanent deformation. However, after the first cycle the stress-strain relationship 
becomes stable and repeatable. For use as an actuator, the material must be used in 
this stable region. At some point, close to failure the material will no longer behave 
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4.4 Biaxial Tests 
4.4 Biaxial Tests 
4.4.1 Experimental Set-up 
The bulge test, also known as the bubble inflation test, provides a biaxial strain state 
by applying a differential pressure to the membrane causing it to inflate like a balloon. 
A schematic of the bulge test setup is presented in figure 4.1 I . 
Computer 
Figure 4.11: Bulge Test Set up. 
Specimens of MED4905, 250 and 100 pm thick, produced by Nusil and SSFAB 
respectively, and MED4930, 100 um thick produced by SSFAB are investigated. In 
addition a sample of MED4905, 250 i_tm thick, is sent to Axel to test in a biaxial rig. 
For testing, a circular membrane is glued (RTV glue, Dow Corning SE 9187L) on to a 
metal disk containing an 80mm diameter circular aperture and which is subsequently 
mounted onto an airtight pressure chamber, figure 4.12. The air pressure is provided 
by a mechanical piston and recorded by a pressure sensor, MKS Baratron, Type 223B, 
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located close to the backside of the membrane. The pressure transducer has a range of 
0-10 Torr accurate to +0.3 % of pressure measurement. 
Figure 4.12: Pressure Chamber. 
4.4.2 Experimental Procedure 
The inflation of the membrane is recorded using the DSP, as described in §4.3. Paint, 
diluted with water was used as the speckle pattern in this case. "ARAMIS" Software, 
GOM (2006) was used to capture images and record pressure data simultaneously. 
Figure 4.13 shows the computing region and the deflection of the membrane for a 











Figure 4.13: Computed area and deformation field for a typical bulge test specimen. 
The region of interest is the polar region, since the edges a true biaxial state 
is not achieved, that is, "edge effects" are apparent. The radial strains at the pole, 
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4.4 Biaxial Tests 
equivalent to strain in x and y direction at this point, is shown to be equal, validating 
the assumption of biaxiality, as shown in figure 4.14. 
—0.0: 	 0 20 40 60 80 	100 
stages 
120 140 160 
Figure 4.14: Equibiaxial strain at the pole. 
Stress-strain information is found from the measured pressure and strain data at 
the pole. The resolution of the DSP is 0.05 % of strain based on procedure outlined 
in §B.2. The pressure and radius of curvature, which is found using the "ARAMIS" 
software that allows the user to define a radius on the elastomer bubble and calculate 
the deformation at each strain, is used to work out hoop stress, equation 3.41. The 
hoop stress is converted to engineering stress, equation 3.42 and engineering stress-
strain curves are used for hyperelastic curvefitting algorithm in Ansys. 
4.4.3 Experimental Results 
4.4.3.1 Stress-Strain Relationships 
Biaxial stress-strain relations for MED4930 and MED4905, exhibit the same trends as 
for uniaxial data, that is MED4930 is stiffer than the MED4905. From the experimental 
data, that is pressure versus deflection, figure 4.15, a higher pressure is required to 























4.4 Biaxial Tests 
Figure 4.15: Pressure-deflection curves for MED4905 and MED4930 (100 pm). 
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It is found that the biaxial stress-strain relationship of 100 gm thick sheet and 250 
AM thick sheet are consistent with one another, as shown in figure 4.16, and display the 
same trend as for the uniaxial data. This figure also compares the Axel biaxial tests, 
as described in §3.6.3.2, with the bulge tests and there is good agreement between 
them. By comparing the biaxial modulus to uniaxial modulus, figure 4.17, it is greater 
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9   Fit to bulge test data 


















Figure 4.16: a) Nominal stress strain curves for MED4930. b) Nominal stress strain 
curves for MED4905. 
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Figure 4.17: Stress-strain curves for uniaxial and biaxial data for MED4905, 100 µni. 
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4.4.3.2 Modulus Estimates 
The hyperelastic coefficients of MED4905, 100 pin, are calculated at 63kPa and 37KPa 
respectively, therefore the Young's modulus is estimated at 0.75MPa. Since the curve 
fitting process was very sensitive to noise the data is smoothed using "rlowess" func-
tion in matlab; figure 4.18a shows the hyperelastic curvefit to smoothed data. The 
MED4930 is stiffer than the MED4905 that is the stress at a given strain is higher 
which is the reflected in the biaxial modulus of 3.9 MPa based on C10 and Col of 
5.6MPa and -2.3MPa; the fit is shown in figure 4.18b. 
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Figure 4.18: a) Hyperelastic curvefit to biaxial stress strain for MED4905, 100 ttm. b) 
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4.4 Biaxial Tests 
4.4.3.3 Cyclic Testing 
Information on the cyclic performance is given by loading and unloading the mem-
branes at the same pressure for 5 times, and then two final cycles are repeated at suc-
cessively higher pressure. The first cycle represents the first stretch. It was found that 
for the MED4930 the loading curves follow approximately the same loading paths, as 
shown in figure 4.19 which is contradiction to the behaviour exhibited in the uniaxial 
case, §4.3.2.5. The implication of this is that dimple actuators, which have the same 
boundary conditions and stress states as the bulge test will not display variation cycle 
to cycle. This can be either attributed to a low maximum elongation of 20% or a reori-
entates the polymer chains as a result of the biaxial stress state, preventing the stress 
softening. Loading and unloading curves, figure 4.20 exhibit higher loading pressure 








Figure 4.19: Loading curves the first, the fifth and the last two cycles for MED4930, 100 
gm. Curves represent hoop stress versus true strain. 
than unloading pressure, thus a hysteresis loop, and that upon an increase with pressure 
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4.4 Biaxial Tests 
between loading and unloading (calculated as the area between the curves using Simp-
son's rule) the elastomer for each cycle. The latter cycles are at a higher pressure and 
accordingly dissipate higher energy. 
10 x 105 
---*--- Cycle 1; loading 
---4 -- Cycle 1; unloading 
Cycle 5; loading 
Cycle 5; unloading 
- -*--- Cycle 6; loading 
-- Cycle 6; unloading 
• Cycle 7; loading 
Cycle 7; unloading 
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Figure 4.20: Loading and unloading curves for MED4930, 100 pm. Curves represent 
hoop stress versus true strain. 
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Table 4.3: Energy dissipated per cycle, in joules±5%. 
Similarly for MED4905, figure 4.21, 4.22, shows the unloading and loading re-
lationships and the energy dissipated between loading and unloading, table 4.23. The 
MED4905 dissipates less energy than the MED4930 mainly because it requires less 
pressure to inflate to the same strain. However, if the values in table 4.3 and 4.23 
are divided by pressure, MED4905 does not perform as well as MED4930, there is a 
greater difference between loading and unloading in the case of MED4905. 
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x 105 
0
0 	0.02 	0 04 	0.06 	0.03 	0.1 	0.12 	0.14 	0.16 	0.16 	0 2 
Strain 
Figure 4.21: Loading curves for MED4905, 100 pm. Curves represent hoop stress versus 
true strain. 
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Figure 4.22: Loading and unloading curves for MED4905, 100 pin. Curves represent 
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4.5 Circular Actuator Tests 
4.5.1 Experimental Set-up 
4.5.1.1 Manufacture of Actuators 
Elastomer film is placed inside a frame, inner length of 55mm square and outer length 
of 85mm. Double sided sticky tape is placed on the frame hold the elastomer in place. 
A rectangular piece of conductive tape (3M) 10mm by 60mm is placed on the frame 
as indicated by figure 4.24. This conductive tape will overlap onto the dielectric layer 
and is used as part of the feedline to the electrode. 
Double Sided Tape 
Figure 4.24: Frame for CAT. 
To ensure the material is placed without any wrinkles it is placed in a biaxial 
jig, as shown in figure 4.25 with the backing material still intact (except for where 
the material is gripped). The jig is extended until the material does not sag at which 
point the extension is set, the backing material is removed and then the frame is stuck 
onto the elastomer film. The material around the frame is cut leaving the membrane 
freestanding and flush on the top surface of the frame. The top part of the frame is then 
stuck on; this is particularly important if prestretched membranes are used. 
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Figure 4.25: Biaxial Jig. 
4.5.1.2 Materials 
Membranes, 100 gm and 50 gm thick of MED4905 and MED4930 ( produced by 
SSFAB) are used as the dielectric film of the actuator. An electric field is generated 
across the membrane via dust electrodes which comprise graphite powder (West Sys-
tem Products 423). Stencils are used to apply the electrode-feedline pattern. Dust 
electrodes are applied using is applied using a cotton bud and brushed on the surface. 
The elastomer films are already tacky, hence the adherence between the graphite par-
ticles and the film is very good. The graphite particles, as shown in figure 4.26, range 
from 50 pin to several pm in diameter. 
Alternatives to dust electrodes, as described in §3.5.3, were investigated, how-
ever, the dust electrodes are preferred. They provide a fast and cheap way of fabricating 
electrodes and also ensure constant uniformity with a negligible addition to the stiff-
ness of the membrane. Dust electrodes are also fully compliant as the particles are free 
to move with the elastomer. On the downside unless carefully applied it can be messy. 
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Figure 4.26: Scanning electron microscopy (SEM) photograph of west system products 
423 graphite powder; x 660 magnification. 
4.5.2 Set-up and Procedure 
The circular actuators are subjected to a variety of tests to study their behaviour for 
different excitations. Firstly the actuator are subjected to a step input at different elec-
tric field values. The materials under investigation (MED4930 and MED4905 for 100 
1.1m and 50 gm) are subject to low frequency square wave excitation to measure strain 
during loading and unloading for a range of electric fields below the breakdown volt-
age. At low frequency square wave forcing the test also acts as a creep test, therefore 
it is possible to measure the behaviour of the materials at constant load/pressure. This 
provides information about the different materials with increasing loading and the vis-
coelastic response of the tested material. Subsequently, actuators are then driven up 
to the maximum permissible electric fields for different wave excitations (square and 
sine) and different frequencies (1, 10 and 100 Hz). This is to understand the funda-
mental difference in response between sine and square waves and how the amplitude 
of the response changes with frequency. 
Actuator strains are measured using digital speckle photogrammetry. This is set 
up in accordance to the procedures in 13.1. The excitation is measured simultaneously 
when an image is taken and recorded onto the DSP machine. The aperture is set to 
19 ms, so that the shutter time does not interfere with the recording rate of 10 FPS 
is permitted, which is the maximum recording rate for the ARAMIS version 1.3 M, 
GOM (2006). 
Excitation signals from a function generator are amplified by 1000 with an am-
plifier, Trek Model 609E-6-H-CE. This generates a precise bi-polar output voltage in 
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the range of 0±4 kV or peak AV with current capability of +20mA DC or peak AC. 
It has a sufficiently high slew rate, that is the maximum rate of change of signal at the 
amplifier output, 150V/µs which means that the amplifier can follow the input signal 
it is meant to reproduce. 
4.5.3 Experimental Results 
4.5.3.1 Response of Material to Electric Field 
Figure 4.27, 4.28, 4.29 and 4.29 show radial strain at different voltages for MED4905 
and MED4905, both 100 and 50 pm thick membranes. Noticeable characteristics: 
• Thinner materials develop the same electric fields as the thicker specimens at 
lower voltages, hence are not actuated at the same voltages. 
• For the same electric field thinner materials have lower strain. Take for example 
MED4905 films of 100 and 50 gm. At an electric field of 25 MV/m (equivalent 
to an applied voltage of 2.5kV) the maximum strain is 0.75 % whereas at the 
same electric field (equivalent to an applied voltage of 1.25kV) a 50 gm films 
exhibits a maximum strain of just under half of the value for the 100 gm film. 
MED49030 behaves in a similar fashion. 
• MED4930 achieves the same strain as MED4905, at higher voltages. This means 
that MED4930 has a higher dielectric strength than the MED4905. 
• The material exhibits viscoelastic behaviour. As the voltage is applied the mate-
rial does not reach the steady state response immediately. Furthermore the time 
required to reach the steady state strain is longer with greater force, as expected 
of a viscoelastic material. Both materials exhibit similar viscoelastic behaviour. 
• The strain in the x and y direction are approximately equal, as shown in figure 
4.31; any disparity arises from the presence of a portion of the feedlines made 
from conductive tape which act to stiffen the surrounding passive material in one 
axis. 
• The material is repeatable, that is there is little cycle to cycle variation for the 
strain response of the actuator, as shown in figure 4.31. 
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Figure 4.27: Radial Strain for MED4905, 100 µm thick, CAT at increasing voltages. 
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Figure 4.29: Radial Strain for MED4930, 100 gm thick, CAT at increasing voltages. 
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Figure 4.30: Radial Strain for MED4930, 50 pm thick, CAT at increasing voltages. 
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Results for MED 4930 50 microns CATs 





time in seconds 
Figure 4.31: TESTVI: Radial Strain for MED4930, 50 PM thick, CAT. 
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4.5.3.2 Out-of-Plane deflections and Critical Buckling voltage 
The active element (circular electrode) exhibits out-of-plane deflections since it has not 
been prestrained. The passive region acts a clamp-clamp boundary although it does 
thicken close to the active region. It exhibits buckling, prior to the critical electric field 
to achieve out-of-plane deflections, the material wrinkles across the whole surface, 
figure 4.33, a). Figure 4.33, a) and b) show the difference between the membrane 
before and after a critical electric field is reached. 
The maximum deflections for MED4930 and MED4905 are -1.744 mm and -
1.3711 mm for 100 jum and -1.4622 mm for MED4930 50µm. MED4905, 50 ,um can 
not be considered to be moving out-of-plane since the displacement is so low. Figures 
4.35 and 4.36 compares out-of-plane deflection for MED4930 and Med4905 50 pm at 
comparable electric fields. 
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Figure 4.33: a) Out-of-plane deflection for MED4930, 100 gin, at 2000V. b) Out-of-plane 
deflection for MED4930, 100 pin, at 3500V. Both are cross-sectional slices in x-direction 
of circular actuator. 
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Figure 4.34: a) Out-of-plane deflection for MED4930, 100 gm, at 2000V. b) Out-of-plane 
deflection for MED4930, 100 Am, at 3500V. 
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Figure 4.35: TESTV: Out-of-plane displacement for MED4905, 50 gm thick, CAT. 
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Figure 4.36: TESTIV: Out-of-plane displacement for MED4930, 50 tim thick, CAT. 
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4.5.3.3 Frequency Response 
The out-of-plane deflection and strain with increasing frequency for MED4930 and 
MED4905 is plotted figure 4.37. The displacement is less sensitive than the strain to 
increases in frequency and the MED4930 out performs the MED4905 in both strain and 
displacement criterion. An example of the out-of-plane behaviour of the MED4903 is 
given in figure 4.38 for different frequencies (1Hz, 10Hz, 100Hz). 
Frequency responses for MED 4905 and MED4930, 100 microns 
10 	20 	30 	40 	50 	60 	70 	80 	90 	100 
frequency, hz 
Figure 4.37: Behaviour with frequency for MED4930 and MED4905, 100m. 
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Figure 4.38: Out-of-plane deformation behaviour with frequency for MED4930, 100m: 
a) I Hz B) 10Hz c)100Hz. 
4.5.3.4 Validation of electrostatic Model 
The behaviour of the circular actuator can be fitted by the small strain and large strain 
electrostatic models developed in §3.6.1 and 3.6.2. There is close agreement between 
small strain theory and experimental data for MED4905 CAT of both thickness, figures 
4.39 and 4.40, where as MED4930 coincides with predictions based on large strain 
model, figure 4.41 and figure 4.42, even though the strain are no larger than 2%. 
It should also be note that the MED4930 exhibits saturation, that is, there is a re-
duction of strain for an increase in electric field. This may indicate that electrostrictive 
effects play a part in actuator performance. 
116 
4.5 Circular Actuator Tests 
Results for Pv1ED 4905, 100 microns 
---•--- experimental data, strain x 
• experimental data, strain y 
---•--- theory based on linear model; biaxial modulus 
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Figure 4.39: Experiment compared to theory for CAT; MED4905 100µingin. 
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Figure 4.40: Experiment compared to theory for CAT; MED4905 50min. 
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Results for MED 4930, 100 microns 
1.4 
12 
---•--- experimental data, strain x 
---•--- experimental data, strain y 
---•--- theory based on linear model: biaxial modulus 












Figure 4.41: Experiment compared to theory for CAT; MED4930 100pm. 
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Figure 4.42: Experiment compared to theory for CAT; MED4930 50µm. 
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4.5.3.5 Failure Mechanisms 
Actuators can fail for two reasons: mechanical failure or dielectric breakdown. Fur-
thermore these will also interlinked: a mechanical defect will acts as an electric stress 
concentrator thus reducing the dielectric strength. When an elastomer breaks down 
there is a local increase of electric field because at that point there are excessive elec-
trons building up, until the point of catastrophic breakdown(avalanche breakdown). At 
this point there is a short circuit in the material usually accompanied by a spark as 
shown in figure 4.43. Figure 4.44 shows the localised increase in strain which suggests 
a local increase in electric field and a decrease in electric field in the surrounding ar-
eas, such that there is no movement in the actuator. This is the first time that the large 
localised strain field at the location of failure has been presented. 








Figure 4.44: Failure of a circular actuator test- strain field 
In the case of the MED4930 the material could heal itself, that is to say that when 
the material sparked, if it was left to rest for a few minutes it would work again, if used 
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at a voltage lower than it's breakdown strength, however it would function at a slightly 
lower strain than before. If the material is used at the same electric field that caused 
breakdown, the material simply burns and figure 4.45 is an example of this. Generally 
it is noted that thinner materials are less robust than thicker materials and are more 
sensitive to electric field stress concentrators, such as defects in the material or sharp 
edged electrodes. 
Figure 4.45: Failure of a circular actuator test 
4.5.3.6 Dielectric Breakdown Strengths 
Figures 4.27, 4.29 and 4.28 show responses below the material's dielectric breakdown. 
The dielectric strengths of the materials tested is summarised in table 4.4: 
Dielectric 
Breakdown 
Material Thickness Strength 
MED4905 	100 	 32 
MED4905 50 32 
MED4930 	100 	44 
MED4930 50 64 
Table 4.4: Breakdown Voltage of different material used in the CAT. 
The breakdown values are lower than the values predicted by electromechanical 
breakdown instability, §3.6.2.2. These breakdown values are lower than the breakdown 
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strengths according to the electro-mechanical instability predicted by the non-linear 
electrostatic model, §3.6.2.2, 
36 MV/m and 62 MV/m for the MED4905 and MED4930 respectively. These 
reason for the mismatch between these values is unclear, although there is a possibility 
that either the inclusion of solvent during processing may leave behind some foreign 
particulates acting as stress concentrators or the fabrication method may not provide a 
film free from defects, again acting a concentrator 
4.6 Summary 
Circular actuator tests, made from thin elastomer films of MED4905 and MED4930 
(100 and 50 pm thick), have been tested. Strain, dielectric strength and viscoelastic 
response have been presented. The actuator response has been compared to theory 
and close agreement has been found when the biaxial modulus, estimated in §4.4, is 
used. For purpose of the fabricating of the dimple actuator 100 gm films of MED4930 
are considered to be the more suitable material. The MED4930 out performs the 
MED4905 in terms of frequency response and out-of-plane deflections. MED4930 
has a higher dielectric strength than the MED4905 therefore even though it possess a 
stiffer modulus it achieves the same strains as the MED4905. The next Chapter 5 will 





Existing actuators capable of out-of-plane deflections, such as those required by a flow
control dimple, have been reported for different purposes: loudspeaker, Heydt et al.
(1998), synthetic jet, Pimpin et al. (2004), pump, Tews et al. (2003), Xu et al. (2005),
optical mirror for space applications, Dubois et al. (2006), Braille devices, Lee et al.
(2004). All these devices are, in essence, what is known as "diaphragm actuators".
Upon the application of an electric field, an elastomer-electrode sandwich, figure 5.1,
clamped at a desired radius that defines the size of the actuator, is subject to a compres-
sive stress due to electrostatic pressure across the electrodes. This stress is known as
the Maxwell stress. It causes a reduction in thickness and since the material is incom-
pressible, it generates in-plane expansion. However, since the membrane perimeter is
fixed, no in-plane movement can occur and isotropic compressive stress builds up in the
membrane. Once the in-plane stress reaches the buckling limit, which depends on the
membrane's geometry and mechanical properties, out-of plane deflection takes place
with the formation of a bump or depression, depending on the directional bias. Figure
5.1 shows the out-of-plane buckling of a diaphragm clamped at a circular boundary.
5.2 Existing Diaphragm actuators
Diaphragm-type actuators, consisting of membranes bonded to an orifice, have been
fabricated on the "mesoscale", total length of 5 mm, Pimpin et al. (2004), and on the
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Figure 5.1: Principle of Dimple Deflection
"microscale", total length of 1 rom. Silicone membranes are predominantly used as
the dielectric material without prestretch, with the exception of Tews et al. (2003) who
fabricated pumps from multiple prestretched acrylic and silicone made into stacks,
for a comparative study. Generally, the direction of the displacement (buckling) is
controlled through the introduction of an external force, such as pressure as used by
Heydt et al. (1998) and Tews et al. (2003) or asymmetries in the structure or boundary
conditions, as introduced by Dubois et al. (2006) who embedded a conducting layer
one side of the dielectric layer.
The depth-to-diameter ratio, et», has been reported at values up to 13%, by
Dubois et al. (2006) and as little as values of 1%, by Pimpin et al. (2004) for micro-
sized diaphragms. This is largely dependent on the flexibility of the electrodes. The
electrodes, in general, have been fabricated to be compatible with MEMs fabrication
processes and to maximise actuator strain. Pimpin et al. (2004) developed concentric
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circular electrodes, deposited with MEMs techniques, figure 5.3, to maximise strain.
With this techniques, the eID ratio was increased from 1% to 5.6% for a 2 mm wide
and 30llm thick actuator, actuated at 751lV [m, with a gap-to-electrode width ratio of
0.3. Dubois et al. (2006) used ion implantation to make the surface locally conduct-
ing so avoiding the need for metal electrodes and the undesirable stiffening of the
membrane, as shown in figure 5.4. This technique led to elD = 13% for a 1 mm
wide electrode actuated at 37IlV I In. Heydt et al. (1998) used graphite electrodes for
the loudspeakers as shown in figure 5.2. However there are no reported displacement
measurements for this actuator.
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Figure 5.2: The electrostrictive polymer-film transducer (cross-sectional view), showing
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5.2 Existing Diaphragm actuators 
Bridge Electrode 
Figure 5.3: Out-of-plane actuator with patterned electrodes, Pimpin et al. (2004). 
Figure 5.4: A microfabricated DEA actuator consisting of a 35-um PDMS membrane 
bonded on a Si chip with an etched rectangular cavity. The Si chip measures 9 mm x 6.5 
mm and has an orifice of 1.5 mm x 2 mm, Dubois et al. (2006). 
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Another key performance characteristic is the frequency response, although there
is little published information. It is clear that these actuators are capable of vibrating at
frequencies of order kHz Heydt et a1. (1998), although this is size-dependent. Rosset
et a1. (2007) and Pimpin et al. (2004) report gain and phase: Pimpin et al. (2004) found
that the resonant frequency was 4 kHz for a 2 mm dimple and 1.33 kHz for a 5 mm
dimple with gap-to-electrode width ratios of 0.3 where as Rosset et a1. (2007) records a
resonant frequency at 600 Hz and secondary resonant peak at 2 kHz. Across this range,
the gains change but remains close to 1 as shown in figure 5.5, except for the resonant
peaks where the gain is greater than 1. This indicates good performance at these fre-
quencies. These are good examples that highlight the parameters affecting resonance,

























Figure 5.5: A) Static measurement of the vertical displacement of the centre of a 3 mm
x 3mm x 26.3 !Jm Sylgard membrane with ion implanted electrodes (320 Ti pulses for
top and bottom electrodes). Buckling voltage is approximately 150 V. Displacement was
measured with an optical profiler. B) Dynamical measurement of the same membrane. A
0-200 V sinusoidal signal of varying frequency was applied between the electrodes and
the ratio of the amplitude over the DC amplitude is reported for frequency between 50 and




There are a number of approaches to modelling the dimple out-of-plane behaviour.
The dimple behaviour can be approximated by i) geometric principles assuming mem-
brane behaviour and linear stress-strain relations, Lee et al. (2004), ii) membrane be-
haviour including large deformations, material nonlinearity, and electrostatic effects,
using nonlinear elasticity and Maxwell-Faraday equations, Goulbourne et al. (2004a),
or iii) using FE element packages with linear or non-linear constitutive material de-
scriptions. Generally this latter approach is carried out in conjunction with analytical
solutions. The material characterisation is based on uniaxial and/or bulge testing as
described in Chapter 3.6.3.
5.3.1 Out-of-plane deflections
5.3.1.1 Geometric principles
This analysis assumes that shape of deflection is spherical with a radius of curvature
predicted by the theoretical radial strain for free boundary conditions and based on the
linearly elastic constitutive model and electrostatic Maxwell stress theory as described
in Section .f3.4.3. It is also possible to incorporate nonlinear constitutive modelling
when the strain is sufficiently large. In essence it uses the estimated radial strain for
a linear material with free boundary conditions to calculate the radius of an arc of a
sphere:
ds = t; [(~;)\ rdr




where r is the radius of curvature, B is the corresponding angle and Ro the original
dimple radius, shown schematically figure 5.6. From trigonometry, the original dimple
radius, Ro is written as:
Ro = rsin ( ~) (5.3)
In order to find a relationship for B using only the known variables (the dimple geom-
etry and its strain), it is necessary to substitute for Ro equation 5.3 which becomes:
B




Figure 5.6: Geometrical relationships of a deflected dimple
Using a Taylor series expansion for sin (!), equation 5.4 can be approximated to:
which is substituted into equation 5.3:
(5.5)
e= 24(1--_1_)(1 +Sr) (5.6)
The out-of-plane deflection w can be written as:
(5.7)
Using e from equation 5.6 to calculate r from equation5.2, equation 5.7 becomes:
Ro [ e ]w = . e l-cos(-2)
sini 2")
(5.8)
Therefore the out-of-plane deflection is proportional to the dimple diameter, such that
the e/D is equal for various sizes.
130
5.3 Theory
5.3.1.2 Membrane theory with non-linear geometric and material modelling
This model accounts for the material and geometrical nonlinearities of dielectric elas-
tomers and is well suited to applications with large prestretch or large strains, typically
greater than 30%.
This method is briefly described, further details are referred to by Goulbourne
et al. (2004a). This approach determines the stress in the dielectric medium by su-
perposition of the mechanical stress due to the local elastic state and Maxwell stress
due to electrostatic field. The proposed expression for electro-elastic stress is based on
membrane theory incorporating large deformation.
The solution to problem of a film subject to mechanical forces in the form of an
external electric field and an external pressure is found using the equations of equi-
librium for an axisymmetric curved membrane. Geometric principles with arc length
as the independent variable (similar to discussion for §5.3.1.1) and nonlinear material
modelling (as discussed in §3.6.2.4) are also used. These equations are combined to
produce a set of first-order equations that are solved for stretch ratio, deformed radius
and vertical deflection. The system of equations is solved iteratively for a specific ap-
plied electrical pressure, which in itself is a function of stretch and prestretch, if applied
prior to actuation.' The mechanical pressure is updated until the mechanical boundary
conditions are satisfied. The difference between this approach and other simpler ones
is that it takes into account the effect of electrostatic stress on the material and geomet-
ric nonlinearities. Take, for example, the principal resultant stress from the equilibrium
equations for a membrane (Goulbourne et aI., 2004a), 1'; will be of the form of:
where V is the voltage, A; is the stretch ratio in Cartesian coordinates, 1,2,3. u, a
and qi are material constants (based on an Ogden constitutive model), e; is relative
permittivity and £0 is the permittivity of a vacuum (N.B. the stretch ratios define the
elastic stress and the electrostatic stress).
5.3.1.3 Finite element approach
Finite element method (FEM) is a technique developed for numerical solution of com-
plex problems in structural mechanics. In FEM, the structural system is modelled by a
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set of finite elements, interconnected at points called nodes. Elements may have phys-
ical properties such as thickness, coefficient of thermal expansion, density, Young's
modulus, shear modulus and Poisson's ratio. Some common element types include
one-dimensional elements, two-dimensional elements such as membranes and shells
and three-dimensional elements such include tetrahedral and hexahedral. For DEA
modelling membrane elements or brick elements are generally used. The main dif-
ference between the two is that membrane elements (like shell elements) do not take
into account the thickness variation. However membrane elements are preferable be-
cause a lower number of nodes are required than with the brick elements where many
through-thickness elements to avoid artificial stiffening.
There are several techniques ways of simulating the strain in the EAP produced
by the electric field. The first uses thermal expansion to mimic the in-plane strain
by setting the material thermal coefficient and corresponding temperature change to
be equivalent with the electrostatic pressure (Bao et aI., 2003). The second uses me-
chanical pressure to simulate the electrostatic pressure on both sides of the elastomer
squeezing the membrane. These approaches, however, will both result in plane strain
and stress without taking into account the fact that this stress state is physically un-
stable. In practice, a membrane will not be able to withstand compressive stress and
will respond by wrinkling. However, with a directional bias (either by application
of force such as pressure or gravity or structural asymmetry) the thin film will curve
out-of-plane. In simulations this can be remedied with the application of an initial out-
of-plane perturbation such that the film will go into its stable out-of-plane state. This
could also be introduced by applying the directional bias actually employed in the ac-
tuator design. It is possible to include geometric and material nonlinearities in FEM
models. Generally geometric nonlinear effects are taken into account by selecting the
function within the FE package. The material model can be selected to be either linear
or nonlinear with the user inputting the required constants. All FE packages incorpo-
rate hyperelastic modelling and will be able to generate the material constants from
experimental stress-strain data §4.3 and §4.4.
5.3.2 Frequency Response
Resonance is defined as the "state of the system in which an abnormally large vibration
occurs in response to an external stimulus occurring at a frequency the same or close to
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the natural vibration frequency of the system" Meirovitch (2001). Dimples are required
to operate below their natural frequencies because at resonance membranes no longer
displace downward and flush to the surface in one cycle but move vertically in both
directions in complex mode shapes.
The exact frequencies of resonance for a circular membrane are calculated from
the wave equation, derived using Newton's first law, assuming that tension is generated
by in-plane forces in the membrane:
1 a (CJZ) 1 a2z 1 CJ2Z
-;. ar rar + r2ae2 = c2 at2 (5.10)
where z is the out-of-plane motion and r is radial coordinate and c is the speed of
sound, c = If;; T is the tension in the membrane and (J is the areal density. From this
analysis the natural frequencies, Vmn, are given by 5. I I:
C
Vmn = 2R f3mn ;m = 0, 1,2;n = 1,2,3 (5.11)
where f3mn is a Bessel function and R is the dimple radius. When examining the modal
shapes m is the circumferential mode number and n is the radial mode number. The
(m,n) mode which corresponds to frequency Vmn has m diametrical nodal lines and
n-I circular nodal lines (lines that do not move) excluding the outermost boundaries.
Examples of the four lowest modal shapes are given in figure 5.7:
Hence from 5.11 the fundamental frequency and harmonics of the membrane can
be predicted from the membrane diameter and the tension in the membrane. In a forced
system, such as a dimple responding to a sinusoidal voltage, forced vibrations of a
membrane resonate with the natural frequency. However, during actuation the dimple,
that is a membrane under loading, will buckle indicating that the film is no longer
in tension or at a lower tension. Therefore equation 5. I 1 is no longer valid without
an appropriate estimate for T. It is then appropriate to use Hamilton's principle to
formulate the equations of motion for a dimple membrane and the associated resonant
frequencies. Here, the sum of kinetic and potential energy for a closed system can be
represented by a set of differential equations. However since this is out of the scope
of this thesis, the analysis of a tensioned membrane (equation 5.11) is use to highlight
the existence of the non-fundamental modes.
Resonance of the dimple and their mode shapes can be studied using non-contact
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Figure 5.7: The four lowest vibrational modes for a circular membrane (f'l is the funda-
mental frequency), Meirovitch (2001).
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system is used, the phase-shift between input and system response can be used. This
type of mapping is also required for subsequent dimple-fluid control systems such that
for any forcing the dimple response is known. Any system will comprise a mass, In,
a stiffness, k and damping, b. The combined effects of these restraining forces will
determine how the system responds to the exciting force, which in the case of the
dimple is the mechanical force generated by the electrostatic pressure. Mathematically
this relationship is written as:
(5.12)
The phase angle between the vibration and the excitation force depends upon the
relationship between the constituent terms. Stiffness, proportional to displacement
xsin(mt) is not influenced by frequency thus is constant throughout the frequency
ranges. This is not the case for damping and the mass terms which are differential
and second differential to displacement and hence proportional to m and m2 respec-
tively. At low frequencies, stiffness has the most influence on the amplitude. At higher
frequencies, the influence of damping and mass becomes greater until resonance. At
this point stiffness and mass terms cancel each other out due to the 1800 phase differ-
ence between them and the damping term becomes predominant. Above resonance,
the mass term becomes the predominant portion of the total restraining force, growing
faster than the others. Thus as the frequency increases there are three regions where
one component is more significant than the other two. These three regions are accom-
panied by phase shifts of 00, 900 and 1800 respectively.
5.4 Actuator Performance
Prototype actuators of various dimensions are designed and developed using MED4930
(silicone) film as the dielectric medium and graphite powder as the electrode mate-
rial. Fabrication is in-house and less expensive than alternative MEMs fabrication
processes. The mesoscale devices have been successfully fabricated and tested for
use within a laminar boundary layer. This is a demonstrator prototype for subsequent
miniaturised devices for the control of turbulent boundary layers. The dimple topol-
ogy, the e/D ratio, the frequency response and durability of actuators under loading are
investigated. Laser metrology and LDV is used to provide experimental measurements




Dimple actuators, 5 mm, 10 mm and 15 mm in radius, are fabricated for testing. The
polarity is kept in the positive quadrant, that is, one electrode is held at ground and
the other is taken from 0 to maximum permissible (positive) voltage, excited using
sine and square waves at various frequencies. Out-of-plane deflection measurements
are taken using a topological scanner as shown in figure 5.8 which consists of a laser-
meter attached to an x, Z traverse driven by a computer through a data acquisition card,
DT9803. This permits the automated capture of the x, y, z coordinates of the dimple
surface. Phase averages of maximum deflection are calculated for the eto results
presented §5.5. The laser meter, Microepsilon opto NCDT-2200, has a measuring
range of 2 mm over 10 V, that is an accuracy of 0.2 um per millivolt, a resolution
of 0.1 Jlm and a measuring rate of 10kHz. The traverse is calibrated to 2.5 um per
step. The dimple is excited using a high voltage amplifier, model 609-E and current
measurements are taken using a shunt resistor! permitting the indirect measurement of
the current using a high-voltage probe (LeCroy PPE 6kV).
The frequency response of the dimples is measured by using the topological
scanning unit and fixing it at the dimple midpoint and forcing the actuator between 1-
100 Hz at electric field strengths between 28 MV/m (2.8 kV) and 42 MV/m (4.2 kV).
The resonant modes and mode shapes are investigated using a Laser Doppler Vibrom-
eter (LDV), Polytec PSV-400, because it can carry out measurements and process data
faster than the topological scanning unit and provide better resolution, in the nm range.
A 0-2.0 kV and 0-3.0 kV sinusoidal voltage was applied between the electrodes and
the frequency of the AC signal was swept between 5 Hz and 5 kHz.
5.4.2 Fabrication
The design comprises a substrate with an orifice, the same dimensions as those of the
desired actuator and a thin elastomeric film. The film is stuck onto the substrate thus
enforcing the required boundary conditions at the edge of the orifice. The elastomer
films are fabricated commercially, the finished product available in rolls of elastomer
film cured onto a backing material. The most significant challenge is the adhesion
between the substrate and the film. This is for two reasons: first, silicone is inert
1a conducting element bridge across a circuit or a portion of a circuit, establishing a current path
auxiliary to the main circuit
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Figure 5.8: Topological scanner unit. 
and there are not many glues that it will adhere to and second, there is considerable 
adhesion between the backing material and the film. There are two conceivable ways 
the film can be stuck onto the substrate. The first involves transferring freestanding film 
onto the substrate. The second involves sticking the elastomer film in place with the 
backing material and subsequently peeling it off when the glue is fully cured. Several 
adhesives were tried and tested: 
• Heavy duty carpet tape 
• Double sided sticky tape (Sellotape) 
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• Pressure sensitive tape (New Metals and Chemical LTD: AD - acrylic adhesive 
and KE acrylic/silicone adhesive with a non-woven polyester lining) 
• Silicone sealant 
• Silicone RTV (Dow Corning `Toray': 1-part alcohol system SE 9187) 
In the first case, a biaxial jig is used to ensure the film is perfectly flat so that it 
will lay flush on the substrate. Although great care was taken to ensure the membrane 
was flat, wrinkling always occurred. Since a fully clamped boundary condition at the 
edge of the orifice is not achieved, the dimple surface is not smooth. This is undesirable 
because the first buckling mode enables the largest vertical displacement. The second 
manufacturing technique requires a glue that adheres sufficiently well to the silicone 
such that the backing material can be peeled off with the membrane left in situ. From 
all the glues listed the Silicone RTV glue was only one that provided absolute adhesion 
between the membrane and the substrate thus enforcing the right boundary conditions 
and deformations free from wrinkling and in the fundamental mode of buckling. Figure 
5.9 shows dimple topology using the different techniques. The dimple on the left-hand 
side has a large degree of wrinkling since it is fabricated using the first method whereas 
the figure on the right hand side is fabricated using the second method and shows a 
dimple surface relatively free of wrinkles. 
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5.4 Actuator Performance 
Prior to the sticking down the membrane, the adhesive is spread on a Tufnol sub-
strate (selected because of its non-conducting properties), and a feedline, made from 
tinfoil, is laid down to connect the bottom electrode to power cable. The membrane 
is coated with one strip of graphite powder so that it will provide a connection be-
tween the feedline and the membrane and not touch the adhesive; a graphite covered 
membrane does not adhere to the glue. The membrane is placed on the substrate with 
silicone side onto the adhesive. The glue is left to set and when ready the backing 
material is peeled off. The top and the bottom electrode are stenciled on using graphite 
powder and a cotton bud. The upper feedline is placed on the upper surface and sil-
ver conducting paint is used to ensure contact between the feedline and the graphite 





Figure 5.10: Dimple assembly. 
In this configuration, clamped only on one side; the dimple actuator lies flush to 
surface. From the free-body diagram, figure 5.11, the force distribution in a built-in 
and single-sided clamping is shown. Ideally the built-in clamping conditions would 
be reproduced. However, this is not possible. By clamping only one side the force 
distribution is uneven and indicates the existence of an upward moment. However, 
because the membrane cannot withstand shearing forces and bending moments, this 
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effect is considered negligible and overcome by any directional bias, §5.2 incorporated 
in the design. This bias in this case is not required: it was found that when the ground 
lead is attached to the upper electrode and the positive lead is attached to the lower 
electrode, the membrane deflects downwards without any bias. Similarly, when lower 
electrode is held at ground the dimple creates a bump. This was surprising, and has not 
been documented previously. However it can be explained by examining electrostatic 
forces within the dimple. The total force comprises an electrostatic attraction between 
the two oppositely charged electrodes and the repulsion between same charges on the 
same electrode §3.4.3. When one electrode is held at OV and the other at 4.5 kV, 
charges generated on the ground electrode due to electrostatic repulsion are not stored 
on the surface. This results in an in-plane force on one side of the dimple membrane 
in addition to the compressive stress; a directional bias is present without the need to 
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Figure 5.11: Force distribution of different clamping conditions. 
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5.5 Out-of-plane deflections 
Three actuator geometries were fabricated, both circular and square aperture shapes, 
and tested using the topological scanning unit. It was found that the square geometry 
led to premature breakdown hence measurements were not recorded and only results 
for circular geometries are presented. The average performance of three actuators of 
the same geometry is shown in figure 5.12. It is found that the maximum depth-to-
diameter ratio at 4.4 kV for 5 mm geometry matches the theory; at larger geometries 
the performance is less than predicted. 
  
Experiment 











Figure 5.12: Summary of maximum depth to diameter ratios for different sized dimples 
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5.5 Out-of-plane deflections 
Figure 5.13: Dimple topology at maximum deflection for 15 mm dimple. 
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5.5 Out-of-plane deflections 
Figure 5.15: Dimple topology at maximum deflection for 5 mm dimple. 
Figures 5.13, 5.14 and 5.15 show the topology at the different surfaces at max-
imum deflection oscillating at 1 Hz. The deformations are uniform and surfaces are 
smooth: this is the ideal for a control surface. Larger geometries on the whole are less 
robust than the smaller geometry (5 mm), that is to say the smaller dimple can with-
stand a higher voltage than the larger dimples. In fact the 5 mm dimple was used up 
to 4.8 kV. Larger sized dimples could not reliably perform 10800 cycles (duration of 
one scan) where as the 5 mm dimple could reliably perform 10800 cycles and at best 
it could withstand 60 times that (the dimple actuator used for the wind tunnel test was 
used continuously for one and a half months without failing). 
Figures 5.16, a-c, show out-of-plane deflection versus voltage for the various 
dimple sizes oscillating at 1 Hz. The curves begin at the origin and deflect a small 
amount up to a point where there is a large deflection for a small increase in voltage. 
This occurs at a critical buckling voltage that increases with radius size: 3.5 kV, 3.0 kV 
and 2.0 kV for the 15 mm, 10 mm and 5 mm dimples respectively. Critical buckling 
voltages are reported for microscale actuators Dubois et al. (2006) but not for similar 
sized actuators by Pimpin et al. (2004). Other similar sized actuators, Dubois et al. 
(2006), Heydt et al. (1998) or Lee et al. (2004) do not use out-of-plane deflection 
as their design objective, thus it is not possible to make a comparison. The slight 
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deflection prior to buckling is associated with a slight sagging of the membrane and, 
as the in-plane stresses increase, it is followed by a slight wrinkling of the dimple. 
Initially, the upward part of the cycle and the downward part of the displacement versus 
voltage cycle follow the same path, with the exception of the 5 mm dimple. The curve 
suggests that 5 mm radius dimple requires a lower strain to achieve wrinkling. From 
the point of wrinkling and beyond it is found that the actuators behave differently for 
downward and upward cycles: for the same displacement a lower voltage is required 
on the downward cycle than the upward cycle. Upon examination of a single trace 
5.17 it is clear that there is not an asymmetry on the dimple motion (downward and 
upward cycle) but it is thought that it is an indication of a phase shift between the 
dimple motion and input signal as a result of hysteresis. This is a result of either 
the hysteresis associated with the mechanical loading and unloading as discussed in 
§4.4.3.3, the hysteresis due to the buckling process: prior to buckling the material will 
wrinkle slightly on the downward part of the cycle which will not occur in the upward 
part of the cycle or the effect of gravity. 
The different dimple sizes also perform differently when excited using different 
forcing signals. Figure 5.18, 5.19 and 5.20 show the difference between a sine wave 
and square wave input signal for different sizes (note that the deflection is multiplied by 
-1 for ease of comparison). For the larger geometries the square wave causes vibration 
on the membrane during the upward part of the cycle. This is attributed to the fact 
that, on the upward signal, the dimple membrane is "released" rather than a gradually 
decreased to zero. 
5.5.1 Frequency Response 
The dimple needs to operate flush to the surface and move into a depression when it 
is deployed. Hence it is not desirable to excite dimples at or beyond resonance even 
though it is common to use resonance for improved efficiency. If the first resonant 
mode is excited, the dimple moves in both directions vertically and at higher harmonics 
complex mode shapes are excited, as shown in figures 5.21, 5.22 and 5.23. 
The LDV results show three important features: (i) the resonant frequency de-
creases with increasing size, (ii) the resonant frequency decreases with increasing volt-
age (which confirms the observation that the tension in the dimple reduces due to 
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5.5 Out-of-plane deflections 
Figure 5.17: Out-of-plane behaviour for 5 mm dimple 
adhered and lifts during vibration which causes some asymmetry in the motion and 
degenerate modes, for example, the last two vibrational modes, figure 5.21 and figure 
5.22. Table 5.1 summarises the frequencies of the first four vibrational modes for all 
the dimple sizes. 
Figures 5.24, 5.26 and 5.28 show the change for a depth-to-diameter ratio for 
different frequencies and voltages. It can be seen that for the 15 mm and 10 mm 
diameter dimples the deflections drop off rapidly. The performance of the 5 mm dimple 
is approximately constant which means that it can be used at different frequencies and 
to provide a constant amplitude. The phase angle associated with figures 5.24, 5.26 and 
5.28, figures 5.25, 5.27 and 5.29 describes the delay between the input signal and the 
dimple response. It is useful in detecting resonant frequencies as described in §5.3.2. 
A 15 mm dimple vibrating at 50 Hz exhibits a peak in phase angle and a peak in E/D 
ratio, although it is not greater than the ratio for a DC signal. When the phase angle is 
larger than 90° it indicates that damping term is dominant in the frequency response. 
This explains why the E/D ratio drops off markedly for the 15 mm and 10 mm dimple. 
The phase angle of the 5 mm dimple, which exhibits a good frequency response, does 
not increase above 90° throughout the frequency range investigated which means that 
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time in seconds 
Figure 5.18: Difference in 15 mm dimple performance for different forcing. 
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5.5 Out-of-plane deflections 
Figure 5.21: First four vibrational modes for a 15 mm dimple. 




   
Figure 5.22: First four vibrational modes for a 10 mm dimple. 
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3000 15 01 128 
11 290.6 
21 321 3 
02 492.4 
Table 5.1: Frequencies of the four lowest vibrational mode for the dimple sizes. 
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Figure 5.23: First four vibrational modes for a 5 mm dimple. 
reduces in performance at 60 Hz which is lower than the values of resonances reported 
by the LDV results. 
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Figure 5.24: Depth-to-diameter ratio versus frequency for 15 mm radius dimple for dif-
ferent electric fields. 
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Figure 5.25: Phase angle versus frequency for 15 mm radius dimple for different electric 
fields. 
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Figure 5.26: Depth-to-diameter ratio versus frequency for 10 mm radius dimple for dif-
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Figure 5.27: Phase angle versus frequency for 10 mm radius dimple for different electric 
fields. 
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Figure 5.28: Depth-to-diameter ratio versus frequency for 5 mm radius dimple for differ-
ent electric fields. 
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Figure 5.29: Phase angle versus frequency for 5 mm radius dimple for different electric 
fields. 
5.5.2 Summary 
Low cost prototype actuators, of different geometries and dimensions, for wind tunnel 
use were fabricated and tested. It was found that the larger dimples were not suitable 
for wind tunnel testing because the frequency response was poor at low frequencies. 
For the purpose of periodic forcing in a laminar boundary layer the 5 mm radius dimple 
is suitable up to frequencies of 60 Hz since within this range the frequency response is 
flat and in the fundamental mode shape. 
The dimple performance is sensitive to geometry and size. Square geometries are 
not as robust as circular ones since the sharp edges act as electric stress concentrators 
leading to premature breakdown. The size of the membrane limits the out-of-plane de-
flection, the frequency response and the actuator durability; the 5 mm radius dimple has 
superior performance compared to the larger dimples. The smallest dimple achieves 
E/D of 6.2 %, can withstand higher voltages, up to 4.8 kV, and actuates consistently 
for a large number of cycles (over 18 hours at 1 Hz). It is suggested that this is a result 
of the size of the membrane. The larger the membrane the more chance of physical 
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defects, acting as a charge barrier, therefore a source of electric stress concentrators 
hence premature breakdown as discussed in §3.5.2.5. 
The geometric model, as described in §5.3.1.1, predicts experimental perfor-
mance of the 5 mm dimple, however, because it does not incorporate the behaviour 
of the dimple prior to the out-of-plane buckling, figures 5.16, it does not predict the 
behaviour of the larger dimples. 
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Chapter 6 
Experimental Method: Wind tunnel 
test 
6.1 Experimental Apparatus 
6.1.1 Wind tunnel and Model Characteristics 
The experiments were performed in a closed-circuit wind tunnel at Imperial College. 
The rectangular cross-section is 18 in (0.46 m) wide and 48 in (1.22 m) long. All 
experiments were carried out at a speed of 4.2 m/s. The freestream turbulence intensity 
is fairly uniform at 0.21% at the speed range under investigation. The temperature 
of the tunnel varied less than 1°C over an eight hour period. A y — z' traverse was 
installed outside the tunnel. It consists of two high accuracy positioning carriages 
(Rose-Krieger), designed with a self-blocking threaded spindle to prevent backlash. 
These were driven with computer controlled stepper motors. In this way the sensing 
element was repositioned during the experiment by the data acquisition system. The 
traverse has been calibrated to 2.5 micron accuracy per step and could measure ± 20cm 
in z and + 40cm in y. Hot-wire probe access is achieved by means of a slot, 200mm 
by 50mm. The probe is manually located in x and it's position in the y direction 
is extrapolated from the linear region of velocity-profile, that is close to wall. The 
traverse is aligned normal to the flat plate. 
A flat plate is fixed horizontally in the middle of the working section with its 
lx,y,z refer to the streamwise and wall-normal and spanwise directions 
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Figure 6.1: 18 in wind tunnel working section and model 
axis on the centerline just downstream of the start of the working section. The plate, 
900 mm by 45 mm, is made from MDF with a sharp leading edge, 100 mm by 45 
mm, made of aluminum. The gap between the wall of the tunnel and the flat plate is 
sealed with draft excluder. A flap, located at the trailing edge, is adjusted to ensure 
the stagnation point lies on the working side of the plate. The pressure gradient across 
the plate is altered by angling the plate to the mean flow through an adjustable support 
located 0.2 m downstream of the leading edge. A trip wire is located on the working 
side of the plate, upstream of the flap, to ensure the boundary layer was fully turbulent 
before passing over the trailing edge flap. On the non-working side of the plate, a trip 
wire was located just downstream the nose, since turbulent boundary layers are less 
susceptible to pressure-gradient changes resulting from blockage than laminar ones. 
The flat plate has been manufactured with a removable 12 in (305 mm) diameter 
circular disk mounted 500 mm from the leading edge on the centre-line. Dimple actu-
ators fabricated on similar disks, mounted on a plug and inserted into the plate flush to 
the surface. The plug, manufactured from Delrin, has a cavity to provide clearance for 
the downward motion of the dimple. A cutaway schematic of the plug is shown in fig-
ure 6.2. The cavity is sealed using a glass as window for laser meter measurements and 












6.1 Experimental Apparatus 
not to interfere with the boundary layer being measured. Delrin was selected because 
of its insulating properties and ease of manufacture. Two holes drilled through the disk 
and plug permit the passage of high-voltage cables from the back of the substrate to the 
wind tunnel section. The wires were fed through the tunnel's breather and connected to 
the voltage amplifier outside the tunnel. The disk, made from Tufnol and on which the 
dimple is mounted on, is screwed onto the plug. The feedlines, made from tin foil, are 
attached to brass screws with conductive tape. High voltage wires are soldered onto 
washers, hence providing electrically connection to the brass screws. This disk sits in 
a brass ring that permits the assembly to be placed in the plate, as shown in figure 6.3. 
Elastomer 
membrane 
Figure 6.2: Cutaway schematic of plug housing dimple 
6.1.2 Data Acquisition System 
A portable USB data acquisition (DAQ) module, Data Translation model DT 9803, 
was employed throughout these experiments. Signals from the hot-wire, laser meter 
and input forcing were collected through input ports that were wired up differentially 
to minimise common mode noise. At the same time, the digital output port was used 
to run the traversing system. Each channel has a 16 bit resolution and can sample at a 
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Figure 6.3: Wind tunnel ready 5 mm dimple actuator 
maximum of 100 kHz. The maximum selectable voltage range ± 10V is equivalent to 
a gain of 1, the minimum range is ± 1.25 V. 
6.1.3 Hot-wire Measurements 
The mean and the fluctuating streamwise velocity were measured using constant tem-
perature anemometry. Hot-wire anemometry is based on convective heat transfer over 
a heated sensing element, namely a small length of wire mounted between two prongs. 
The heating element forms part of a Wheatstone bridge: any change in temperature of 
the element results in a voltage change across the bridge. 
The heat transfer relationship between the wire voltage, E, and the flow velocity, 
U, can be described by the semi-empirical King's law Perry (1982): 
E2 = A BU n 	 (6.1) 
Constants A, B and n are determined from a calibration in a known flow field using a 
least-square fit to data. 
Measurements are taken with a single-wire boundary layer probe, 2.5 kim in 
thickness and 3 mm in length. Boundary layer probes are designed with the prongs 
displaced from the probe stem permitting location close to the wall without interfer-
ence from probe body. In this way blockage effects and vortex shedding are avoided. 
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Model 1053B. The frequency response of the anemometer is 20 kHz, greater than the 
range of frequencies under investigation. The heating ratio is set to 1.5. 
6.1.4 Calibration 
Hot-wires are calibrated in the freestream against pressure, using a Pitot tube, measur-
ing 15 velocity points in the range of 1.75 m/s to 9.00 m/s. The pressure is measured 
by a Betz manometer with readout accuracy of ±0.05mm of water. Two calibrations 
were carried out before and a third was performed at the end of each traverse. If the 
calibration constants changed more than 2 %, the data was discarded. Hot-wire signals 
were not compensated for temperature variations during measurements but the temper- 
ature was monitored. Datasets were discarded if the temperature varied by greater than 
to C.  
Collapsed data 
0.5 	1 	1.5 	2 	2.5 
	
3 
Velocity to power n, (rnisr 
Figure 6.4: King's Law Calibration 
6.1.4.1 Errors Associated with Hot-wire measurements 
The relationship between heat transfer and fluid velocity, will diverge from King's law 
at low Reynolds numbers because of heat transfer associated with free convection. This 
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effect diminishes rapidly with increasing Reynolds number. The orientation of the wire 
is important and when its axis vertical, buoyant convection is minimised (Collis and 
Williams, 1959). However, for horizontal wires at very low velocities, free convection 
is significant and a rough criterion is provided by equation 6.10 (Collis and Williams, 
1959) 
Re. = 1.85Gra39 Tm 	 (6.2) 
T.) 
where R and G refer to dimensionless quantities, respectively Reynolds number (based 
in the hot-wire length) and Grashof number. The subscript, 00 denotes the free-stream. 
is the heating ratio. This gives a quantitative expression for the minimum speed 
that can be measured without significant errors from buoyant convection. A Reynolds 
number lower than 0.01 will be subject to buoyancy errors. This equates to velocity 
ratios, r-V- < 0.20 being susceptible to errors. 
Another source of error is the heat transfer between the hot wire and the wall. In 
the case of a laminar boundary the velocity profile closest to the wall is approximately 
linear, Young (1989). Measurements were taken only where this relationship holds and 
not below. 
6.1.4.2 Hot-wire/Actuator Cross Talk 
The dimple operates at large electric fields, which according to Faraday's law induces 
a current in conductors. In terms of velocity measurement, an induced current in the 
hot-wire probe will invalidate the velocity calibration. In order to investigate whether 
a large electric field, of the same magnitude of the field across a dimple, will induce 
a current in the hot wire, measurements were carried out in a sealed container, iso-
lated from any external drafts and positioned close to a resistor and capacitor of same 
magnitude as the dimple equivalent circuit. The hot-wire response was recorded for 
square wave excitation at 1, 10, 100 and 1000 Hz and for sine wave excitation over the 
same range of frequencies. At the frequencies examined, the square wave signal was 
found to influence the hot-wire signal whereas the sine wave did not. The square wave 
induces a current whendE is at a maximum, figure 6.8. 
There was minimal crosstalk between the dimple and hot-wire for dimple radius 
of 10 mm and 15 mm. The 5 mm dimple was shielded in order to completely eliminate 
crosstalk. 
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Figure 6.5: Hot wire response to dimple excitation for 1 Hz. 
6.1.5 Laser Meter 
The displacements of actuating dimples were measured in the flow with a laser meter, 
MEL model M7L. The laser meter is calibrated to account for the effect of the dim-
ple topology and the glass window in the assembly. Since the distance between the 
measuring window and the dimple surface is 40 mm, the MEL meter must be used 
instead of the more accurate Micro epsilon for the dimple performance measurements, 
because it has a stand-off distance from the measuring surface of 55 mm. The sensitiv-
ity of the M7L is 0.2 mV/m, with a resolution of 9 gm and linearity of ± 0.04 mm and 
a sampling frequency of 54 kHz. This limits the accuracy of the measurement is ± 49 
,um. Therefore for a typical displacement of 500 gm, the error is 10 %, approximately. 
The laser meter is housed in a streamlined body to prevent separation occurring behind 
the body thus preventing pressure fluctuation along the plate. 
The laser meter is manually aligned inside the tunnel. Since this is less accurate 
than scanning for the midpoint, as described in §5.4.1, the displacement response from 
the laser meter is calibrated against the response of Microepsilon laser meter. It is 
found that the laser meter signal is noisy as a result of linearity and resolution errors. It 
is therefore smoothed using a 'loess' algorithm of span 50 (as will be described in §6.5. 
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The difference between the filtered MEL signal and the Microepsilon curves is 93 gm 
and is considered to be a systematic error between the two measurement systems. 
6.2 Experimental Procedure 
Traverses of the boundary layer were taken along the flat plate in which the dimple (or 
a blank) was mounted. The hot-wire was set 10 mm away from the wall and traversed 
evenly in steps of 120 gm in the wall-normal direction. Close to the wall (1# < 0.45) 
the hot-wire was traversed more finely in steps to 40 gm. Typically 30 points were 
taken in the wall-normal direction at 15 locations, 5 mm apart in the spanwise direction. 
The velocity profiles were compared to the Blasius solution for a laminar boundary 
layer. Curves were normalised based on the non-dimensional distance from the surface, 
ri = y -V; where U. is the freestream velocity in m/s, v is the kinematics viscosity of 
air in m/s2 and x is the length from the stagnation point. The plate angle of attack and 
trailing edge was adjusted so as to establish a zero-pressure-gradient laminar boundary 
layer. Once these variables were set, the blank is replaced by a dimple and the hot-wire 
is placed half a diameter downstream of the dimple edge. Measurements are then taken 
at spanwise locations, shown figure 6.9 at midpoint of the dimple, 2 mm, 2.5 mm, 3 mm 
and 5 mm from the center. It is assumed that the behaviour is symmetrical about the 
horizontal centreline of the dimple: this is verified by examining one spanwise location 
on the opposite side from the bulk of the measurements. A Butterworth filter, with a 
2 kHz cut-off, was applied to remove mains noise. Based on the Nyquist criterion, a 
conservative sampling frequency is 5 kHz. In this experiment 10 kHz was used. At 
each location in the traverse the sampling time is set to 2250 x the dimple period to 
ensure adequate convergence of unns statistics. This is discussed in §E.1.1.5. 
6.3 Data Analysis 
Hot-wires are not directionally sensitive. However the measured velocity can be re-
solved into vertical and horizontal components: 
u r2 u x2 + u y2 	 (6.3) 
165 
Location 5: Z=5mm 
Location 4: Z=3.0 mm 
Location 3: Z=2.5mm 
Location 2; Z=1.5mm 










6.3 Data Analysis 
Figure 6.6: Location of measurement planes across the dimple actuator 
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where ur , ux and uy is the resultant velocity, the velocity in the horizontal and vertical 
directions respectively. The dimple motion will generate both streamwise and vertical 
perturbations. At the wall it is assumed that the velocity of the dimple is the vertical 
fluid velocity and is used to calculate the streamwise velocity component from equation 
6.11. This is justified because the dimple velocity is small, §7.4.1, and the actuated 
flow does not have velocity profiles that differ greatly from the Blasius. It is noted 
that were this not true, hot-wire measurements in more than one direction would be 
required. It is found that the resultant and calculated streamwise velocities are very 
similar, differing by less than 0.133%. 
The calculated streamwise component, from equation 6.11, has been used to 




U r = Ux — Ub 	 (6.6) 
where Ux = VUZeas—Vi 	 the velocity measured by the hot-wire and timple' Umeas is  
the dimple's vertical velocity. The baseline velocity, Ub, is the velocity for Vdimpie is 
the unactuated dimple, see §7.5.1.1. The first moment is: 
Ul (Ux Ub) 
U. 	U. 
Similarly for the RMS intensities: 
U. — ( U00 
U _ 1 Eu 
U. 	U. N — 1 
urms 	1 E(u — U) 
U. 	U. N — 1 
The perturbation about the baseline flow is: 




6.3 Data Analysis 
These quantities are calculated as phase-averaged ensembles based on dimple displace-
ment, to understand the behaviour of the flow with respect to the motion of the dimple. 
This means that the mean and rms quantities at maximum displacement, velocity and 
acceleration are calculated and compared to the equivalent quantities with increments 
in 45° phaseshift. . 
Velocity fluctuation histories are examined by the power spectral density (PSD), 
computed with 141-4 codes provided in Matlab. A Welch-type estimator using eight 
segments, 216 samples, with 50 % overlap between them, was used to obtain the PSD's. 
This gave a frequency resolution of 0.0763 Hz. 
Displacement signals are smoothed using a weighted average scheme, 'loess' . 
This provided a better fit to data and a faster processing time compared other methods, 
such as a moving average or a 'rloess' (robust locally weighted scatter plot method). 
Approximate derivatives of displacement and velocity are calculated for values of ve-
locity and acceleration using time increments equivalent to 1/f, where j; is sampling 
frequency. Phases are worked out by dividing the time traces into individual actua-
tion cycles and finding the maximum displacement, velocity and acceleration in each 
cycle. A portable USB data acquisition (DAQ) module, Data Translation model DT 
9803, was employed throughout these experiments. Signals from the hot-wire, laser 
meter and input forcing were collected through input ports that were wired up differ-
entially to minimise common mode noise. At the same time, the digital output port 
was used to run the traversing system. Each channel has a 16 bit resolution and can 
sample at a maximum of 100 kHz. The maximum selectable voltage range ± 10N/ is 
equivalent to a gain of 1, the minimum range is ± 1.25 V. 
6.3.1 Hot-wire Measurements 
The mean and the fluctuating streamwise velocity were measured using constant tem-
perature anemometry. Hot-wire anemometry is based on convective heat transfer over 
a heated sensing element, namely a small length of wire mounted between two prongs. 
The heating element forms part of a Wheatstone bridge: any change in temperature of 
the element results in a voltage change across the bridge. 
The heat transfer relationship between the wire voltage, E, and the flow velocity, 
U, can be described by the semi-empirical King's law (Perry, 1982): 
E2 = A + BU" 	 (6.9) 
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Constants A, B and n are determined from a calibration in a known flow field using a 
least-square fit to data. 
Measurements are taken with a single-wire boundary layer probe, 2.5 p,m in 
thickness and 3 mm in length. Boundary layer probes are designed with the prongs 
displaced from the probe stem permitting location close to the wall without interfer-
ence from probe body. In this way blockage effects and vortex shedding are avoided. 
The wires are mounted on Dantec 55H21 supports connected to the anemometer, TSI 
Model 1053B. The frequency response of the anemometer is 20 kHz, greater than the 
range of frequencies under investigation. The heating ratio is set to 1.5. 
6.3.2 Calibration 
Hot-wires are calibrated in the freestream against pressure, using a Pitot tube, measur-
ing 15 velocity points in the range of 1.75 m/s to 9.00 m/s. The pressure is measured 
by a Betz manometer with readout accuracy of ±0.05mm of water. Two calibrations 
were carried out before and a third was performed at the end of each traverse. If the 
calibration constants changed more than 2 %, the data was discarded. Hot-wire signals 
were not compensated for temperature variations during measurements but the temper-
ature was monitored. Datasets were discarded if the temperature varied by greater than 
1° C. 
6.3.2.1 Errors Associated with Hot-wire measurements 
The relationship between heat transfer and fluid velocity, will diverge from King's law 
at low Reynolds numbers because of heat transfer associated with free convection. This 
effect diminishes rapidly with increasing Reynolds number. The orientation of the wire 
is important and when its axis vertical, buoyant convection is minimised (Collis and 
Williams, 1959). However, for horizontal wires at very low velocities, free convection 
is significant and a rough criterion is provided by equation 6.10 (Collis and Williams, 
1959) 
Re— = 1.85Gr 39 (Tm 	 (6.10) 
where R and G refer to dimensionless quantities, respectively Reynolds number (based 
in the hot-wire length) and Grashof number. The subscript, oo  denotes the free-stream. 
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Collapsed data 
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Figure 6.7: King's Law Calibration 
that can be measured without significant errors from buoyant convection. A Reynolds 
number lower than 0.01 will be subject to buoyancy errors. This equates to velocity 
ratios, i# < 0.20 being susceptible to errors. 
Another source of error is the heat transfer between the hot wire and the wall. In 
the case of a laminar boundary the velocity profile closest to the wall is approximately 
linear, Young (1989). Measurements were taken only where this relationship holds and 
not below. 
6.3.2.2 Hot-wire/Actuator Cross Talk 
The dimple operates at large electric fields, which according to Faraday's law induces 
a current in conductors. In terms of velocity measurement, an induced current in the 
hot-wire probe will invalidate the velocity calibration. In order to investigate whether 
a large electric field, of the same magnitude of the field across a dimple, will induce a 
current in the hot wire, measurements were carried out in a sealed container, isolated 
from any external drafts and positioned close to a resistor and capacitor of same mag-
nitude as the dimple equivalent circuit. The hot-wire response was recorded for square 
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range of frequencies.At the frequencies examined, the square wave signal was found to 
influence the hot-wire signal whereas the sine wave did not. The square wave induces 
a current when 1-a/E— is at a maximum, figure 6.8. dt 
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Figure 6.8: Hot wire response to dimple excitation for 1 Hz. 
There was minimal crosstalk between the dimple and hot-wire for dimple radius 
of 10 mm and 15 mm. The 5 mm dimple was shielded in order to completely eliminate 
crosstalk. 
6.3.3 Laser Meter 
The displacements of actuating dimples were measured in the flow with a laser meter, 
MEL model M7L. The laser meter is calibrated to account for the effect of the dim-
ple topology and the glass window in the assembly. Since the distance between the 
measuring window and the dimple surface is 40 mm, the MEL meter must be used 
instead of the more accurate Micro epsilon for the dimple performance measurements, 
because it has a stand-off distance from the measuring surface of 55 mm. The sensitiv-
ity of the M7L is 0.2 mV/m, with a resolution of 9 pm and linearity of ± 0.04 mm and 
a sampling frequency of 54 kHz. This limits the accuracy of the measurement to ± 49 
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gm. Therefore for a typical displacement of 500 tim, the error is 10 %, approximately. 
The laser meter is housed in a streamlined body to prevent separation occurring behind 
the body thus preventing pressure fluctuation along the plate. 
The laser meter is manually aligned inside the tunnel. Since this is less accurate 
than scanning for the midpoint, as described in §5.4.1, the displacement response from 
the laser meter is calibrated against the response of Microepsilon laser meter. It is 
found that the laser meter signal is noisy as a result of linearity and resolution errors. It 
is therefore smoothed using a 'loess' algorithm of span 50 (as will be described in §6.5. 
The difference between the filtered MEL signal and the Microepsilon curves is 93 itm 
and is considered to be a systematic error between the two measurement systems. 
6.4 Experimental Procedure 
Traverses of the boundary layer were taken along the flat plate in which the dimple (or 
a blank) was mounted. The hot-wire was set 10 mm away from the wall and traversed 
evenly in steps of 120 ,um in the wall-normal direction. Close to the wall (U < 0.45) 
the hot-wire was traversed more finely in steps to 40 Am. Typically 30 points were 
taken in the wall-normal direction at 15 locations, 5 mm apart in the spanwise direction. 
The velocity profiles were compared to the Blasius solution for a laminar boundary 
layer. Curves were normalised based on the non-dimensional distance from the surface, 
ue. n =  y\t where (./.. is the freestream velocity in m/s, v is the kinematics viscosity of 
air in m/s2 and x is the length from the stagnation point. The plate angle of attack and 
trailing edge was adjusted so as to establish a zero-pressure-gradient laminar boundary 
layer. Once these variables were set, the blank is replaced by a dimple and the hot-wire 
is placed half a diameter downstream of the dimple edge. Measurements are then taken 
at spanwise locations, shown figure 6.9 at midpoint of the dimple, 2 mm, 2.5 mm, 3 mm 
and 5 mm from the center. It is assumed that the behaviour is symmetrical about the 
horizontal centreline of the dimple: this is verified by examining one spanwise location 
on the opposite side from the bulk of the measurements. A Butterworth filter, with a 
2 kHz cut-off, was applied to remove mains noise. Based on the Nyquist criterion, a 
conservative sampling frequency is 5 kHz. In this experiment 10 kHz was used. At 
each location in the traverse the sampling time is set to 2250 x the dimple period to 
ensure adequate convergence of unns statistics. This is discussed in §E.1.1.5. 
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Location 1: Z=Omm 
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Figure 6.9: Location of measurement planes across the dimple actuator 
173 
6.5 Data Analysis 
6.5 Data Analysis 
Hot-wires are not directionally sensitive. However the measured velocity can be re-
solved into vertical and horizontal components: 
U =U2 + U 2 r x y (6.11) 
where ur , u, and uy is the resultant velocity, the velocity in the horizontal and vertical 
directions respectively. The dimple motion will generate both streamwise and vertical 
perturbations. At the wall it is assumed that the velocity of the dimple is the vertical 
fluid velocity and is used to calculate the streamwise velocity component from equation 
6.11. This is justified because the dimple velocity is small, §7.4.1, and the actuated 
flow does not have velocity profiles that differ greatly from the Blasius. It is noted 
that were this not true, hot-wire measurements in more than one direction would be 
required. It is found that the resultant and calculated streamwise velocities are very 
similar, differing by less than 0.133%. 
The calculated streamwise component, from equation 6.11, has been used to 




U 1 = Ux — Ub 	 (6.14) 
where U, = VU,..,eas —17,2iimpie , Umeas is the velocity measured by the hot-wire and 
the dimple's vertical velocity. The baseline velocity, Ub, is the velocity for Vdimple is 
the unactuated dimple, see §7.5.1.1. The first moment is: 
Similarly for the RMS intensities: 




U_ 1 Eu 
U. 	U. N — 1 
unns 	1 E(u — U) 
U. 	U. N— 1 
The perturbation about the baseline flow is: 









These quantities are calculated as phase-averaged ensembles based on dimple displace-
ment, to understand the behaviour of the flow with respect to the motion of the dimple. 
This means that the mean and rms quantities at maximum displacement, velocity and 
acceleration are calculated and compared to the equivalent quantities with increments 
in 45° phaseshift. 
Velocity fluctuation histories are examined by the power spectral density (PSD), 
computed with FFT codes provided in Matlab. A Welch-type estimator using eight 
segments, 216 samples, with 50 % overlap between them, was used to obtain the PSD's. 
This gave a frequency resolution of 0.0763 Hz. 
Displacement signals are smoothed using a weighted average scheme, `loess'. 
This provided a better fit to data and a faster processing time compared other methods, 
such as a moving average or a Woess' (robust locally weighted scatter plot method). 
Approximate derivatives of displacement and velocity are calculated for values of ve-
locity and acceleration using time increments equivalent to 1 if, where f, is sampling 
frequency. Phases are worked out by dividing the time traces into individual actuation 
cycles and finding the maximum displacement, velocity and acceleration in each cycle. 
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Periodic forcing of a laminar 
boundary layer 
7.1 Introduction 
In the context of turbulence control, active dimple actuators are candidate actuators by 
virtue of their ability to manipulate and generate vorticity, as suggested by the review 
of theory (Wu and Wu, 1996) and existing literature (Isaev and Leont'ev, 2003; Lam-
bert et al., 2005; Ligrani et al., 2002; McKeon et al., 2004), as discussed in Chapter 
2. This is investigated by studying the change in streamwise velocity, measured in 
the wall-normal and spanwise plane. The dimple actuator is forced at different fre-
quencies and the behaviour is evaluated in terms of its ability to generate variations 
in the spanwise velocity profile, which indicates the change in vorticity. Furthermore 
the phase-averaged ensemble of the fluid velocity perturbation, based on the dimple 
motion is studied. 
Previous experimental work by McKeon et al. (2004) examined the behaviour of 
a smooth dimple on the flow using time-averaged statistics. It was found that there is 
little net vorticity as a result of the dimple motion, although flow visualisation shows 
the formation of structures. In the context of a physical-based model for control, the 
dimple will interact with oncoming structures instantaneously rather than in a time-
averaged sense. This necessitated a study of the effect of the dimple at different phases 
of motion, §7.5.1.5 and §7.5.1.7. It provides insight into which part of the phase is 
responsible for changes in the flow, hence providing an understanding of how the fre- 
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quency, pressure gradient or dimple curvature influences the momentum flux of the 
boundary layer. Furthermore it should be noted that the forcing in this case is not har-
monic as in the case of (McKeon et al., 2004) but temporally asymmetrical (see §7.4). 
It is anticipated that the time average behaviour will not be the same, that is to say that 
net vorticity over one cycle will not cancel. 
7.2 	The Physical Model of Dimple Behaviour 
It is known from the behaviour of flow in a static dimple, as described in §2.6, that its 
presence causes streamlines to converge and diverge in and out of the depression. Fluid 
is drawn into it and then moves out by advection. When the dimple oscillates fluid is 
drawn into the cavity due to the dimple geometry, as before, but it is subsequently 
pushed upwards due to the dimple velocity, as shown in §7.5.1.2. This "blowing" acts 
as a cross flow. It follows that the slower the oscillation, the weaker this "blowing" 
behaviour. At sufficiently high frequencies, the air is pushed out at sufficiently high 
velocities to act like a jet and act as blockage to oncoming fluid so that the fluid will 
wrap itself around the blockage creating counter-rotating vortices. However, in the 
range of St investigated, the cross flow is very weak since the dimple velocities are very 
low, §7.4.1, therefore vorticity is not generated in this way. The generation of vorticity 
by the dimple is a result of the pressure gradients induced by the dimple motion, as 
indicated by equation 2.11, since the acceleration and curvature term go to zero as they 
are in the same direction as the normal vector. The pressure gradients are related to 
the velocity field from the pressure Poisson's equation, §2.3, therefore the vorticity 
flux increases as the frequency gets larger. As the dimple motion changes direction, 
the pressure gradient changes sign and the sign of vorticity will be different on the 
upstroke than the downstroke, as shown in figure 7.1. The spanwise velocity profile, 
as a result of vortices generated on the downstroke, will peak at the dimple centre-
line (z/D=0) as high speed fluid is transported downwards. In upstroke case, velocity 
increases at dimple three-quarter line (z/D=±0.75), as high speed fluid is transported 
downwards and decreases at the dimple center-line z/D=0, due to slow moving fluid 
being shifted upwards. This physical model, based on §2.3 and §2.3.1.2 is in good 
agreement with the experimental data presented, §7.5.1.5 and §7.5.1.4. Furthermore, 
no separation occurs for smooth dimples of this e/D ratio, as predicted. 
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a) Rotation for downstroke 
	 b) Rotation for upstroke 
c) Spanwise velocity profile 
	 d) Spanwisc velocity profile 
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Figure 7.1: Counter-rotating vortices and the spanwise velocity profiles associated with 
downstroke and upstroke of the dimple. 
7.3 	Dimensional Analysis for an Active dimple 
The first step in modelling any physical phenomenon is the identification of relevant 
variables. For the dimples these variables are: D, E, f, Vdimple, where D is the dimple 
diameter, E, the depth of the dimple, f, the actuation frequency and vdimpie the vertical 
dimple velocity. For the boundary layer these variables: U., ur, 3, p, x , where U. 
is the freestream velocity, ur, the friction velocity, 3, the boundary layer thickness, p 
and µ are the density and viscosity respectively. x is the distance from the leading edge 
of the flat plate. ur is defined ur = (.1L-v) where Ti,„ is the wall shear stress, 
aY 
Buckingham Pi analysis yields the following non dimensional functions: 
Rep = 	 (7.1) 
which represents the ratio of viscous to inertial forces in a fluid and is called the 
Reynolds number. Another is the Strouhal number, a dimensionless number describing 
oscillating flow mechanism: 
S St=  
U.. 







Since Doc E and vdimpie « f e, the Stokes number can rewritten as: 




This describes fraction of viscous damping rate to vibration frequency. Together Re 
and St (or S) represent a unique description of dimple forcing for which Dis constant, 
and the dimple displacement is of known shape. 
7.4 Actuators 
A 5 mm radius dimple generated an oscillatory depression in the laminar boundary 
layer. It has a near flat response up to 60 Hz, as shown in figure 7.2. By marginally 
altering the electric field, the maximum displacement of the dimple can be maintained 
at 400 gm. This makes it ideal for a study of constant displacement and changing 
dimple velocity and acceleration (frequency). 
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7.4.1 Actuator Characteristics 
Dimple displacement is measured and velocity and acceleration are calculated using 
numerical differentiation. Figures 7.3, 7.4 and 7.5 show the respectively displacement 
at the dimple centreline and the calculated velocity and acceleration of the dimple 
compared to the input signal. There is a phase-shift between the input and the dimple 
displacement of about 80°. The maximum displacement occurs about 45° before the 
maximum downward velocity and about 180° before the maximum acceleration. 
Figure 7.3 shows the dimple displacement. The amplitude is constant at 400 
+50 pm as frequency is varied from 5 Hz - 40 Hz +0.5 Hz and is periodic at the same 
frequency as the input signal. The amplitude is not symmetrical about the mean dis-
placement, even though the excitation signal is harmonic. This is as a result of its op-
erating mechanism. The actuator spends more time flush to the surface than depressed 
as a result of the critical voltage required for the dimple to deflect. The dimple veloc-
ity, figure 7.4, shows an increase in magnitude with frequency. Maximum velocities 
range from —0.05m/s < vdimpie < 0.054m/s. The difference between maximum and 
minimum values reflect the asymmetry in the dimple motion since the dimple moves 
downward (positive part of velocity cycle) more quickly than returns to flush (nega-
tive part of velocity cycle). This asymmetry is accentuated in the acceleration trace, 
figure 7.5: the peak acceleration is much larger than the minimum. The maximum 
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7.5.1 Velocity Field 
A hot-wire probe is used to measure the streamwise velocity change of a periodically 
forced boundary layer. The streamwise, wall-normal and spanwise directions, Carte-
sian axes x, y and z, respectively are depicted in figure 7.6 
Figure 7.6: Coordinate system with reference to the dimple measurements. 
All experiments are undertaken at a freestream of 4.2 m/s. The Reynolds number, 
ReD, is 2800. However the Reynolds number based on the virtual origin (the distance 
of the stagnation point from the point of measurement), Re, is 750 x 103, which is 
less than the critical Reynolds number for transition. The undisturbed boundary layer 
thickness is 5.3 mm and the displacement thickness is 1.7 mm which corresponds to a 
Reynolds numbers Reg of 1596 and Reg* of 476. 
The dimples are actuated at Strouhal numbers of 0.006, 0.013, 0.025 and 0.05. 
The relationship between Strouhal number and frequency is given in table 7.1. It is 
noted that since the St< <1 the time scale for convection is a lot smaller than 1/f. 
7.5.1.1 Baseline Conditions 
Automated x, y traverses of the mean-flow velocity profile are taken along the flat plate, 
with and without a dimple present. To establish the nature of the unforced boundary 
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Table 7.1: Relationship between Strouhal number and frequency. 
layer, a blank is inserted into the plate. The mean profile was used to define the absolute 
distance of the hot wire from the plate at each individual x, z location. The velocity 
profiles are compared to the Blasius solution for a laminar boundary layer to ensure 
that a zero gradient laminar boundary layer had been developed. A comparison of 
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Figure 7.7: Normalised profiles of the mean spanwise velocity in the boundary layer 
averaged across 15 z locations 
An unactuated dimple of 5 mm radius deflects downwards by 30 Jum (0.3 % of 
dimple diameter) in the flow as a result of fluid pressure effects. This means that flow 
over the dimple accelerates and mean spanwise velocity profiles deviates slightly from 
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7.5 Results 
Figure 7.8: Normalised profile of mean velocity at 5 mm radius dimple mid point Z=Omm 
7.5.1.2 Time Traces 
Figures 7.9 to 7.10 below show the relationships between the fluid velocity and the 
dimple motion oscillating at St=0.006, 0.013, 0.025 and 0.05 at the centreline of the 
dimple, loci, as shown in figure 6.9. The fluid responds to the dimple at the same 
frequency as the dimple displacement. 
In general the fluid reaches maximum velocity quicker than it returns to a min-
imum value. This indicates that the fluid responds to the downward motion of the 
dimple quicker than the upward motion. The magnitude of the maximum fluid veloc-
ity about the mean is larger than the minimum, which is also reflected in the phase-
averaged statistics, as described in §7.5.1.5. Physically the dimple "sucks" more than 
it "blows", although this behaviour is less pronounced at higher frequencies; blowing 
is nearly the same as the suction. 
The velocity perturbation from the mean increases with increasing frequency, 
since, even though the amplitude is constant, the velocity and acceleration are increas-
ing. This confirms that the dimple velocity dictates the speed at which the fluid is both 
pushed out and the velocity with which fluid drawn into the cavity. This means that the 
downward motion of the dimple is responsible for fluid being sucked into the cavity in 
addition to the geometry of the dimple. 
At the lower frequencies, and up to St=0.025, the fluid velocity is nearly in phase 
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with displacement. At St=0.05 the dimple velocity is nearly in phase with the fluid ve-
locity. This shift in behaviour is accompanied by a change in behaviour in the spanwise 
velocity profiles, §7.5.1.4. 
Figure 7.1 l,(a), shows the variation of the velocity across the dimple span. St=0.006 
the velocity signal shows little periodicity only at the dimple centreline, figure 7.11, (a). 
Since the dimple velocity is low, this behaviour is in good agreement with the physical 
model described in §7.2. Above this frequency the fluid velocity oscillates at the fre-
quency of the dimple (loci), figures 7.11, (b) to 7.11, (c), and this effect is a maximum 
at the centre-line (loc 1) of the dimple and decreases further away from it toward the 
edge of the dimple (loc5). This is expected since the dimple amplitude is a maximum 
only at the centre-line. The periodicity of the fluid velocity at the edge of the dimple 
is lost at St=0.012 but is still visible at St=0.025 and St=0.05. The periodicity is also 
dependent on wall-normal height: figures 7.12, (a) - (d), show periodic motion close 
to the wall but this reduces away from the wall. The value of ri up to which periodic 
motion appears increases with frequency. As expected, at higher dimple velocities, the 
fluid is pushed upwards at higher wall-normal velocity. 
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Figure 7.9: Comparison of measured values for oscillating at St=a)0.006 and b)0.012 at 
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Figure 7.10: Comparison of measured values for oscillating at St= a)0.025 and b)0.05 at 
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Figure 7.11: Time trace at different spanwise locations for dimple oscillating at St= 
a)0.006, b)0.012, c)0.025 d)0.05. 
7.5.1.3 Power Spectra 
Figure 7.13 show the power spectral density of the fluid where 
I 0 (f)df = 2 
where (f) is the spectral density. The comparison of the PSD of baseline flow and 
the unactuated flow, figure 7.13, show that the slight curvature of the dimple surface 
introduces a slight shift in curves at low frequencies. Both flows exhibit naturally 
occurring peaks, at 20, 30 and 40 Hz. It is expected that at these frequencies (St= 0.025, 
0.0379 and 0.05) the effect of dimple forcing will be magnified more easily. This may 
explain the absence of peaks at the 10 Hz for the dimple oscillating at St=0.012 yet the 
presence of one at 20 Hz. 
The power spectra of velocity signals at the dimple centreline and ri = 0.75 (lo-
cation of largest perturbation velocity) show two peaks at a frequency equal to that 
of the dimple displacement and double the frequency. The exception to this are the 
St=0.006 and St=0.012 case. As expected at St=0.006 the PSD is similar to the un-
forced case, figure 7.13. At St=0.012, at the downstream location closest to the dimple 
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Figure 7.12: Comparison of velocity traces at different Ti for dimple oscillating at a) 
St=0.006, b) 0.012, c) 0.025 d) 0.05. 
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edge, a peak occurs at double the fundamental frequency. At the lower frequencies, 
where the acceleration is very low, no fundamental peak is exhibited. The energy in 
the second peak is lower than of corresponding fundamental in every case. The peaks 





More power at lower frequencies 
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Figure 7.13: Power Spectrum for unactuated flow compared to baseline flow. The blue 
line refers to a signal from a flat plate surface and the pink line refers to an unactuated 
dimple surface, both at the same flow conditions. 
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Figure 7.14: Power Spectrum for actuated flow compared to unactuated flow for dimple 
oscillating at St = a) 0.006 and b) 0.012 first downstream location, for I] = 0.75. 
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Figure 7.15: Power Spectrum for actuated flow compared to unactuated flow for dimple 
oscillating at a) 0.025 and b) 0.05 first downstream location, for i = 0.75. 
194 
7.5 Results 
7.5.1.4 Phase-averaged velocity: spanwise variation. 
The spanwise variations of the forced-flow velocity profiles, figures 7.16-7.18, show 
the variation in the fluid velocity with dimple phase as well as with wall-normal lo-
cation. These results are only intended to shown the extent of the perturbation rather 
than identify specific features related to the phase, which is examined more closely in 
figures 7.19, 7.20 and 7.21. Close to the wall and up to wall-normal locations n=2.0, 
2.5, 3.0 at St=0.012, 0.025 and 0.05 the fluid responds to the dimple motion. Beyond 
these values of 7-1, there is little variation of spanwise velocity profile with phase. This 
indicates that the periodic forcing of the dimple no longer influences the fluid velocity. 
Beyond this position the spanwise variation is barely perceptible and the profiles are 
flat as they reach the freestream values. 
At St=0.012 and 0.025 the velocity ratio exhibits similar behaviour: at the cen-
treline of the dimple there is a velocity increase with a decrease in fluid velocity at 
dimple three-quarter line. However, at St=0.05 there are two distinct differences: there 
is a phase shift between the velocities at two y locations at a given time, as shown in 
figure 7.21 and the presence of a M-shape velocity profile. Since this variation of t" 
appears in coy I , it is likely that at St=0.05 coy, is large and a potential control mecha-
nism. This is a key result since it indicates that the dimple can produce a velocity field 
useful for flow control purposes. 
The velocity profiles may indicate the presence of streamwise vortices, and are 
consistent with the model outlined in §7.1. At low frequencies the velocity perturbation 
as a result of the downstroke is larger than the upstroke, figure 7.24 and 7.25. The 
dimple moves upwards slowly, hence the vorticity generated on the upstroke diffuses 
and is negligible downstream of the dimple. At St=0.05 the velocity perturbation is 
more symmetrical, figure 7.26. The vorticity generated by upward motion is more 
significant, resulting in a "M-shape" profile. 
The presence of streamwise vortices have been noted in other authors: Joslin and 
Grosch (1995) in their numerical study of a moving bump, Kim et al. (2003) in their 
study of a moving wall (who also note the presence of a "M-shape" velocity profile). 
The existence of vorticity is shown in the work of Dearing et al. (2007) and Lambert 
et al. (2005). In the case of Dearing et al. (2007) there was no time average vorticity 






is present at 17 = 2.5. The difficulty in resolving such a change with PIV may have 
been an issue in the measurements of Dearing et al. (2007). In future, smoke-wire flow 
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Figure 7.16: Spanwise variations of mean perturbation at St=0.012 of phase-ensembled 
averages based on dimple displacement. 
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Figure 7.17: Spanwise variations of mean perturbation at St=0.025 of phase-ensembled 
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Figure 7.18: Spanwise variations of mean perturbation at St=0.05 of phase-ensembled 
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Figure 7.19: Spanwise variations of mean perturbation at St=0.012 of phase-ensembled 
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Figure 7.20: Spanwise variations of mean perturbation at St=0.025 of phase-ensembled 
averages based on dimple displacement at n = 0.5 — 1.5. 
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Figure 7.21: Spanwise variations of mean perturbation at St=0.05 of phase-ensembled 
averages based on dimple displacement at ri = 0.5 — 1.5. 
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7.5.1.5 Phase-Averaged Perturbation Velocities 
Figures 7.22, a-d and 7.23 show the phase-averaged mean, Umean and urns  statistics 
of the actuated flow. The velocity profile shows that there is no large deviations from 
the Blasius profile, indicative that the vertical fluid velocity is small compared to the 
streamwise velocity. Hence the assumptions discussed in §6.5 are valid. 
The plots of urns  of actuated flow show that the statistics at the central locations 
exhibit an intensity maximum close to the wall. At the edge of the dimple, the maxi-
mum intensity lies at n=2.5 which is consistent with intensity curves of the unactuated 
baseline flow. This is also confirmed by calculating the rms streamwise velocities 
about the baseline. At loc5 there is an intensity is close to zero. The exceptions to this 
general trend is the St=0.006 case where the intensity curves are similar to the unac-
tuated case from loc2 outwards and in the case St=0.05 where the intensity maximum 
is achieved at ri = 1 at the dimple centreline. This merely confirms that the dimple, at 
low frequencies, behaves quasi-statically. 
Away from the edge of the dimple, at the locations affected by its periodic mo-
tion, the maximum intensity is much closer to wall. It is the closest to the wall at the 
dimple centre-line and then increases slightly as it moves to the edge. This is consis-
tent with the boundary layer, and suggests that the boundary layer remains attached, 
moving physically downwards with respect to the probe. At St=0.05, the arms  mea-
surements around the three-quarter line exhibit a maximum a higher values of n. This 
is consistent with fluid being transported upwards as discussed in §7.5.1.4. 
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Figure 7.22: UmeanIU".  for actuated flow velocity for dimple oscillating at St = a) 0.006, 
b) 0.012, c) 0.025 d) 0.05. 
In order to examine the relationship between the phase of the dimple motion 
and the fluid velocity perturbation, the phase-averaged ensembles based on dimple 
displacement are plotted, figure 7.24-7.26. Maximum displacement and acceleration, 
for these figures, occurs at 00, maximum velocity occurs at 45°. The velocity increases 
and then decreases during one actuation period. The amount by which it decreases is 
smaller than the increase and is more widely distributed in the wall-normal direction. 
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Figure 7.23: urni, statistics of actuated flow velocity for dimple oscillating at St -= a) 0.006, 
b) 0.012, c) 0.025 d)0.05. 
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in velocity becomes larger. Additionally a larger range of n is affected, as shown in 
figure 7.26. This again is in agreement with the generation of higher velocity and a 
greater penetration of the boundary layer. 
It is expected that during the downward part of the cycle, 180° — 0°, the presence 
of a cavity causes the fluid velocity to increase. On the otherhand, during upward 
motion, between 0° — 180° it is expected that fluid is pumped upwards, so slowing 
down the flow. The maximum velocity perturbations occur at maximum displacement 
(also maximum acceleration), except in the case of St=0.05 where it occurs at 45°, 
which is the point of maximum velocity, §7.4.1. This is consistent with the findings 
of §7.5.1.2 where the fluid motion changes phase with respect to dimple motion. In 
order to investigate this relationship, the correlations between the various phases of 
dimple motion and the fluid velocity is studied, §7.5.1.7. However, to fully appreciate 
the significance of this result, the study of the phase relationships between the fluid 
and dimple motions at a larger range of frequencies is required. 
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Figure 7.24: Phase-ensemble averaged velocity profiles based on dimple displacement for 
St =0.012 measured at the dimple centreline. 
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Figure 7.25: Phase-ensemble averaged velocity profiles based on dimple displacement for 
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Figure 7.26: Phase-ensemble averaged velocity profiles based on dimple displacement for 





7.5.1.6 Downstream behaviour 
The downstream behaviour of the boundary layer is examined with the aim of estab-
lishing whether the dimple has caused transition. Ideally, the control disturbances are 
localised and decay downstream rather than becoming unstable and potentially lead-
ing to further drag generation. It is found that the maximum velocity perturbation 
decreases as the disturbance propagates downstream. This can also be seen from the 
power spectrum: the power at the furthest location from the dimple is smaller in mag-
nitude compared to measurements at a location closer to dimple. An example is shown 
in figure 7.27. 
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Figure 7.27: Power Spectrum for actuated flow compared to unactuated flow for dimple 
oscillating at St =0.05 at a) the first downstream location and b) the second downstream 









7.5.1.7 Correlation between fluid motion and dimple displacement, velocity and 
acceleration 
The Pearson-product moment correlation coefficient is used to correlate dimple motion 
to fluid velocity. It is defined as: 
rdimple,n2otion — 
COV (Udimple 1U fluid)  
Crdimple 6 f luid 
(7.6) 
where coy represents the covariance (the measure of how much 2 variables vary to-
gether), a is the standard deviation of the velocity, the subscripts dimple and fluid 
refer to the dimple motion (displacement, velocity or acceleration) and the fluid ve-
locity respectively. The correlation coefficient indicates the strength and direction of a 
linear relationship between the two variables. 
Figures 7.28-7.30 show the correlation coefficient versus it  of the respective 
dimple motions at St=0.012, 0.025, 0.05, respectively. At lower frequencies, the dim-
ple displacement and acceleration have linear relationships with the fluid velocity, as 
shown in figures 7.31, a and c, and 7.32, a and c. The relationship with dimple velocity 
is hysteretic, figure 7.31, b, and 7.32, b. This is a result of the dimple upstroke being 
less effective than the dimple downstroke. These trends decrease with distance from 
the wall in both cases. 
At St=0.05 the relationship between displacement and acceleration with fluid 
velocity are not linear close to the wall, 7.33, a and c, but as n increases the relationship 
becomes increasingly linear, as indicated in figure 7.30. This is not a result of time lag 
between the velocity timetraces at different ri locations; this is verified by looking 
at the individual timetraces for different T) locations, as shown in figure 7.12. The 
velocity, on the other hand exhibits a close to linear relationship at the wall. This 
is consistent with the behaviour described in §7.5.1.5 which showed the maximum 
and minimum perturbation velocities nearly equal at this frequency. The relationship 
becomes less linear away from the wall. The reason for this is unclear. However it is 
noted that the hysteretic relationship illustrates that there is either work being done on 

































Figure 7.28: Correlation coefficient versus 7/ for dimple oscillating with St=0.012 











































































Figure 7.30: Correlation coefficient versus ri for dimple oscillating at with St=0.05 
7.5.1.8 Estimates of streamwise and wall normal velocity 
A way of estimating the streamwise perturbation due to time-dependent disturbance 
can be carried out using perturbation analysis, as described in §F. This is a way of 
linearising the velocity field as result of a complex geometry such as the a dimple. The 
perturbation is related to the mean shear and the dimple depth, whereas the vertical 
velocity is related to the frequency of oscillation and dimple depth: 
(
—h(x, z) al-1° 
ii 
dy 
,17,17,-)= 	icoh(x,z) 	 (7.7) 
0 
In this way the flowfield can be estimated simply, as required by closed-loop feed-
back control. The estimated streamwise perturbation is found to be 11.8 % which 
is higher than the actual perturbation. Hence, it is concluded that this theory cannot 
describe the system. The dimple amplitude is sufficiently large and the frequency is 
sufficiently large that three-dimensional effects occur which can only be accounted for 
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Figure 7.31: Midpoint n = 0.5 with St =0.012 a) Dimple displacement versus fluid veloc-
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Figure 7.32: Midpoint rt = 0.5 with St =0.025 a) Dimple displacement versus fluid veloc-
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Figure 7.33: Midpoint ri = 0.5 with St =0.05 a) Dimple displacement versus fluid veloc-
ity. b) Dimple velocity versus fluid velocity. c)Dimple acceleration versus fluid velocity. 
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Chapter 8 
Discussion and Conclusions 
8.1 	Summary of work 
The requirements of dimple actuators in the context of a "smart" skin have been es-
tablished. Based on these criteria, different actuation mechanisms are reviewed and 
EAPs are chosen for the fabrication. A comparison of candidate materials for the EAP 
dielectric, stemming from existing literature, indicated that silicone was superior to al-
ternatives in terms of range of operating temperatures, stiffness and dielectric strength. 
However, since silicone is incompressible and nonlinear, the characterisation of its be-
haviour was necessary. The development of testing methods is non-trivial and this 
study has highlighted the key difficulties when working with this material. Characteri-
sation, in terms of measurements of mechanical stress-strain and electro-mechanically 
induced strain, was used to investigate the change in the properties of materials manu-
factured with different fabrication methods and at different thicknesses. Different sil-
icones, MED4905 and MED4930, were also compared. The electro-mechanical tests 
were carried and show MED4930 to be an optimum material for dimple fabrication. 
Dimple actuators are designed using EAP. Various electrode materials are tested 
and evaluated for use with this buckling mode design. A fabrication method was de-
vised and different sized mesoscale devices were produced and subsequently evaluated. 
The 5 mm radius prototype dimple, since it was superior in terms of frequency response 
and E/D ratio, was made for wind tunnel testing. The dimple was then used to force 
a boundary layer periodically. Measurements of streamwise velocity are taken using a 
single hot wire probe and profiles of streamwise velocity variation in the spanwise and 
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• This work has highlighted the difficulty in characterising very thin sheets of elas-
tomer. There were discrepancies in the stress-strain curves of samples MED4905
of the same thickness but different specimen dimensions. Evidence suggests that
this discrepancy is as result of a curvature that forms when materials are stretched
uniaxially. This curvature is the result of the fabrication process and cannot be
avoided with the techniques currently employed. This means that for the present
moment, uniaxial tests cannot be used for quantitative assessment. However use-
ful information is obtained when the dimensions of the specimens are kept the
same. The difficulty in testing thin films uniaxially was also noted by Vinci and
Vlassak (1996), who also states that it is the biaxial modulus, rather than Young's
uniaxial modulus, more commonly measured. Additionally it is recognised that
more than one testing state is required for accurate constitutive material models
and that the biaxial state is the strain state that dimple actuators will work in.
• Cyclic tests of the MED4905 specimens highlight the variation between the first
cycle and the subsequent ones. However after the first stretch the behaviour be-
comes repeatable. The material must be used and characterised in this region,
rather than over the first stretch. This is very important realisation for the char-
acterisation of elastomers based on the uniaxial test.
8.2.1.2 Biaxial Test
• Bulge tests replicate uniform biaxial stress state at the pole, which confirms that
this method is appropriate for evaluating biaxial modulus. A comparison of the
mechanical properties of elastomer films made from MED4905 and MED4930
show that the MED4905 is approximately 5 times softer; estimates of biaxial
modulus are calculated to be 0.75 MPa and 3.9 MPa, respectively.
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• The cyclic tests indicate that the loading curves for MED4930 follow the same
path, regardless if it is the first or last stretch, which is in contrast to the cyclic
tests for uniaxial stress state. This is either because the biaxial state of stress
reorientates the polymer chains, preventing the stress softening, or the mate-
rial has not been sufficiently strained to capture this effect. The unloading path
is smaller than the loading path, indicating hysteresis. The hysteresis loop in-
creases with maximum stretch. This illustrates that MED4930 is a viscoelastic
material. MED4905 exhibits similar behaviour.
8.2.1.3 Circular Actuator Tests
• CAT, made from thin elastomer films of MED4905 and MED4930 (100 and
50 Jlm um thick), were tested. It was found that since the dielectric is not pre-
strained, the active element (circular electrode) exhibits out-of-plane deflections.
The passive region provides a boundary condition such that it thickens close to
the active region but also exhibits buckling. Prior to the critical electric field
for buckling the material wrinkles across the whole surface. The evidence of
wrinkling is in line with the reason for the discrepancy between the actual and
theoretical critical buckling voltages of different sized dimple actuators, Section
§5.
• Measured strain has been compared to theory and close agreement was found
when the biaxial modulus, estimated in Section §4.4, is used. For CATs made
from MED4930, maximum radial strains were predicted by the large strain (non-
linear) electrostatic model, where as in the case of MED4905, strains were pre-
dicted by the small strain (linear) model. Furthermore MED4930 exhibits satu-
ration. This nonlinear behaviour has not been documented before for such low
strains and may be a result of the shore A number of MED4930. Alternatively
the material may be behaving electrostrictively (Scheimbeim et aI., 2000). How-
ever this relationship needs to be further investigated.
• In general, thinner specimens perform poorly compared to thicker sample. Even
though for the same electric fields, lower voltages are required, lower strains
are achieved, even at double the electric field. It is also noted that the thinner




• 100 uit: films of MED4930 are considered a more suitable material for the di-
electric of dimple actuators. The MED4930 out-performs the MED4905 in terms
of frequency response and out-of-plane deflections. It was found that MED4930
has a higher dielectric strength than the MED4905. Therefore, even though it
possesses a stiffer modulus, it achieved the same strains as the MED4905. Fur-
thermore it achieved larger out-of-plane deflections. In all cases the material
exhibits viscoelastic behaviour: steady strain is not achieved upon the applica-
tion of an electric field, strain increases with time. At large electric fields the
material has not reached a steady state.
• The dielectric breakdown strength of MED4905 and MED4930 is 32 MV1m
and 44 MV/m respectively for a 100 /lm film and 32 and 64 for a 50 /lm film.
This is lower than the breakdown strengths according to the electro-mechanical
instability predicted by the nonlinear electrostatic model. This is the point at
which there is an increasing rate of thickness strain that cannot be counteracted
by the mechanical hydrostatic pressure (also known as a pull-in effect), at 36
MV1mand 62 MV1mfor the MED4905 and MED4930 respectively. The reason
for the mismatch between these values is unclear, although there is a possibility
that either the inclusion of solvent during processing may leave behind some
foreign particulates acting as stress concentrators or the fabrication method may
not provide a film free from defects, again acting as a concentrator.
8.2.2 Dimple Actuators
• EAP dimple actuator prototypes, have been fabricated at low cost compared to
alternative MEMs techniques. This home man-made assembly costs circa C100
per actuator compared to prices of the order c10,000 (per single wafer mask).
• A directional bias is not required, this is contrast to previous designs reported
in the literature, Section §5.1. This is as a result of the repulsive forces acting
one electrode and not the other because the electrode is held at ground. This
results in an in-plane force on one side of the dimple membrane in addition to
the compressive stress; a directional bias is present without the need to introduce
a mechanical asymmetry. By switching the ground electrode to the dimple can
be made into a pimple.
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• The dimple performance is sensitive to geometry and size. Square geometries
are not as robust as circular ones since the sharp edges act as electric stress con-
centrators leading to premature breakdown. The size of the membrane limits the
out-of-plane deflection, the frequency response and the actuator durability; the
5 mm radius dimple has superior performance compared to the larger dimples.
The smallest dimple achieves e/ D of 6.2 %, can withstand higher voltages, up to
4.8 kV, and actuates consistently for a large number of cycles (over 18 hours at
1 Hz). The larger the membrane the more chance of physical defects, acting as
a charge barrier, therefore a source of electric stress concentrators hence prema-
ture breakdown as discussed in Section §3.5.2.5. Similarly, there are more free
electrons associated with membrane hence the dielectric losses/leakage current
is greater in a larger membrane resulting in Ohmic heating.
• The geometric model, as described in Section §5.3.1.1, predicts experimental
performance of the 5 mm dimple. However, because it does not incorporate the
behaviour of the dimple prior to the out-of-plane buckling, figures 5.16, it does
not predict the behaviour of the larger dimples.
• The 5 mm dimples have a flat frequency response up to 60 Hz. Larger dim-
ples exhibit poor frequency response because larger membranes have a large
damping component. In smaller membranes the contribution of damping to the
response is lower as indicated by the phase angle plot, figure 5.29. The Laser
Doppler Vibrometer results show that frequency response is nonlinear because
it changes with forcing. This relationship needs to be studied analytically and
experimentally to help design for actuators with the desired frequency response.
• LDV results show that the dimple vibrates in non-fundamental modes of vibra-
tion, at relatively low frequencies, order of 300 Hz. This has not been pre-
sented before in the context of diaphragm actuators or EAP actuators. These
non-fundamental modes, are not desirable in the context of the dimple actuators,
since a fundamental mode of vibration will provide the largest deflections.
• For the purpose of periodic forcing in a laminar boundary layer, the 5 mm ra-
dius dimple is suitable up to frequencies of 60 Hz since, within this range the
frequency response is flat with the fundamental mode shape. Additionally, the
dimple motions have been characterised for the boundary layer experiments in
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terms of displacement, velocity and acceleration. The dimple deflection shows
temporal asymmetry as a result of the operating principle of the dimple and this
is reflected in the corresponding dimple velocities and accelerations.
8.2.3 Periodic Forcing of a Laminar Boundary Layer
• A hot wire probe is used to measure the streamwise velocity change of a peri-
odically forced boundary layer. It is found that the fluid flow responds to the
dimple at the same frequency as the dimple displacement, which is the same as
the frequency of the dimple acceleration. The fluid perturbation about the mean
increases with frequency. This means that the dimple acceleration and veloc-
ity affects the fluid motion. This is reflected in the power spectrum of the fluid
velocity where there is a significant peak at the dimple frequency. There is an-
other peak at twice the dimple frequency, which although lower in magnitude,
suggests a quasi-linear response of the fluid.. The periodicity is a function of
spanwise location, wall-normal distance and streamwise location.
• Spanwise velocity profiles are presented for different Strouhal numbers. These
velocity profiles may indicate the presence of streamwise vortices, and are con-
sistent with the model outlined in §7.1. At low frequencies the velocity per-
turbation as a result of the downstroke is larger than the upstroke, figure 7.24
and 7.25. The dimple moves upwards slowly, hence the vorticity generated on
the upstroke diffuses and is negligible downstream of the dimple. At 8t=0.05
the velocity perturbation is more symmetrical, figure 7.26. The vorticity gen-
erated by upward motion is more significant, resulting in a "M-shape" profile.
The presence streamwise vortices have been noted in other authors: Joslin and
Grosch (1995) in their numerical study of a moving bump, Kim et al. (2003) in
their study of a moving wall (who also note the presence of a "M-shape" ve-
locity profile). The existence of vorticity is shown in the work of Dearing et al.
(2007) and Lambert et al. (2005). In the case of Dearing et al. (2007) there was
no time average vorticity except at exceptionally high Strouhal numbers. In this
case, time-averaged vorticity is present at 11 = 2.5. The difficulty in resolving
such a change with PIV may have been an issue in the measurements of Dearing
et al. (2007). In future, smoke-wire flow visualization should be conducted in to
identify the vortex pair.
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• The downstream behaviour showed that the disturbances, generated by the dim-
ple, are localised and decay downstream rather than becoming unstable and caus-
ing turbulence. The maximum velocity perturbation decreased as the disturbance
propagates downstream by 28. This was also confirmed by the power spectrum:
the power at the furthest location from the dimple is smaller in magnitude com-
pared to measurements at a location closer to dimple, figure 7.27.
8.3 Conclusions
Active dimples have been designed using EAPs. A proof of concept device has been
fabricated, tested and deployed in a laminar boundary layer. The dimple actuator was
analysed in terms of deflection and frequency response. It was found that a 5mm
radius dimple has a flat frequency response upto 60Hz and can achieve tiD of 6.2%.
Furthermore it is found that the dimple provides a temporally asymmetrical forcing,
as result of the operating mechanism. Additionally it provides an inherent directional
bias, such that electrically induced downward motion does not require a directional
bias, as for all other existing EAP actuators. Thus wall deformation actuators provide
time-dependent motion with asymmetrical forcing. The results are promising: the
dimple shows evidence of manipulating and generating vorticity in a laminar boundary
layer, as required to interfere with the "bursting" process. More precisely there are
spanwise and streamiwse variations of streamwise velocity indicating changes in wall
normal vorticity, a key control variable; the magnitude of the variation is a function
of Strouhal number. The phase-averaged ensembles of velocity perturbation show that
the dimple "blows" and "sucks" at different phases of the cycle, and agrees well with
the physical model outlined in §7.1. The disturbance generated by the dimple decays
downstream and does not trigger transition. This is an important characteristic since it
is key that the control disturbance should not become unstable downstream and implied
that the influence of the control is localised.
EAP dimple actuators are sensitive to stress concentrators such as material de-
fects and geometrical discontinuities. Large actuators failed after a lower number of
cycles than smaller DEAs. Larger membranes have a greater probability of having
physical defects, thus acting as a charge barrier and therefore a source of electric
stress concentrators. Similarly, there are more free electrons associated with mem-
brane hence the dielectric losses/leakage current is greater in a larger membrane which
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in increases the chances of an avalanche electron breakdown.
The testing of materials to be used as EAPs indicated that for practical purposes
the biaxial modulus, from a bulge test, provides the correct stress-strain data to model
electromechanical response. Furthermore, for design purposes, biaxial tests are more
appropriate for material characterisation since they approximate the stress state of the
dimple. Uniaxial stress-strain relationship, desirable for numerically modelling, re-
quires a standard testing method devised specifically for thin film silicone materials.
Presently, there are no guidelines for the testing of thin elastomer films. The British-
Standards (1995) for tensile testing of rubber quotes specimen thickness at 1 mm or 2
mm, which is at least a factor of 4 greater than the sheets being examined. The method
of testing must take into account the curvature of the material, which is a result of
the fabrication process and the effect of scaling on this phenomenon. Another point
for characterisation: for cyclic tests for material in an uniaxial stress state, the first
cycle cannot be used to characterise materials as a result of the stress-softening of the
material.
The electro-mechanical tests show that Shore A number is a key factor in EAP
performance. Materials of higher Shore A can withstand larger electric fields be-
fore breaking down. If the material is soft enough this results in improved perfor-
mance compared to softer materials. Additionally, the electromechanical performance
of MED4930 exhibits an electro-strictive (and/or non-linear) response at low strains.
The electromechanical strain curves indicate viscoelastic behaviour, which explains the
time lag between input forcing of the dimple and displacement. This also means that
hyperelastic models alone cannot fully capture the behaviour of DEAs: hyperelastic-
viscoelastic models need to be developed.
8.4 Future Work
The experiments in a laminar boundary layer provide a fundamental understanding of
the dimple interaction with the fluid. An additional step to present study would be to
examine the dimple behaviour with a stereoscopic PIV system, to capture behaviour
on both the upstroke and downstroke motion: it would verify if there are similarities
between the downstroke motion with static dimples and the presence of streamwise
vortices.
The next step involves testing miniaturised dimples at higher frequencies. For
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the purpose of periodic forcing in a turbulent boundary layer the dimple actuator must
be able to vibrate at frequencies of at least of the 0(100 Hz)(Gad-el-Hak, 1993; Kim
et aI., 2003). Once the basic understanding of the dimple and fluid response has been
established, it is pertinent to set-up a transition experiment, i.e., employ active dimples
to delay the onset of transition resulting from a disturbance is generated in a laminar
boundary layer. This type of transient growth experiment can indicate the performance
of the actuator in a turbulent flow since there are similarities in the 3D disturbances of
both flows (Butler and Farrell, 1992). It is a precursor to the study of the dimple in a
turbulent boundary layer, which is the ultimate goal of this project.
The present study found that MED4930 outperforms MED4905, in terms of fre-
quency response and out-of-plane deflections, although both material exhibit similar
visco-elastic behaviour. The only difference between the materials is their stiffness. It
is necessary then, for design purposes, to gain a complete understanding of how ma-
terial stiffness (and hence shore A number) affects deflection and frequency response.
Qualitatively it is known that the dimple frequency response will improve with a de-
crease in size and increase in Young's Modulus. For example Dubois et al. (2006)
fabricate square diaphragm actuators, 2 rom in length and with a Young's modulus of
1.2 MPa with a good frequency response. Furthermore it is possible is to incorporate
stiffer electrodes, such as the concentric circle electrodes by Pimpin et al. (2004), to
stiffen the membrane while maintaining some flexibility. Dimples, 1.5 mm in radius,
with concentric circles were fabricated for this project and although they could not be
tested electro-mechanically owing to premature dielectric failure, the natural resonant
frequencies, when the actuators were excited acoustically, were about 2 kHz (funda-
mental) (Arthur et aI., 2005, 2006a).
It is also possible that non-fundamental modes of vibration may also prove to
be useful for control. Currently it is hypothesised that the possible ways of effecting
closed-loop linear control are indicated by the linearised Navier-Stokes equations in
state-space form. These identify surface normal velocity and vorticity as the control
inputs although it's is not clear how these quantities related to the heuristic approach
of cancellation of quasi-streamwise vortices in the viscous sublayer. In this context the
non-fundamental modes of resonance are worth considering as alternative actuators.
For example, in Section §2.2, COy and vy, are key variables for control. Mode 11, figure
5.7, is a combination of a bump and a dimple and provides both a larger variation in
~ and ~ since fluid is displaced in the z direction as well as being sucked down or
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pushed up at the same time.
In terms of material modelling, using FE, uniaxial stress-strain data provides
important information for accurate modelling. Using DSP techniques, specimens from
the same batch (i.e. fabricated in the same way) of different length to width ratios and
thicknesses should be placed under uniaxial load and the curvature studied. In this was
a relationship between stress-strain, curvature and specimen size can be established,
such that the stress-strain relationship of the material under uniaxial tension can be
found. The next step involves repeating this test for other manufacturing techniques,
to establish the correct stress-strain data for the material under uniaxial tension thus
provide a quantitative information on the effect of different manufacturing techniques
on the uniaxial stress-strain. For an accurate constitutive material model it is necessary
to repeat these tests for biaxial and shear tests.
The present study highlighted a discrepancy between the cyclic behaviour of the
MED4930 under uniaxial and biaxial stress. MED4930 followed the different paths
for loading and unloading (called hysteresis) under uniaxial tension but the same paths
for biaxial tension. Hysteresis is a sign of viscoelasticity and the absence of hysteresis
implies little viscoelasticity. The electromechanical tests of MED4930 show viscoelas-
tic behaviour in the form of creep. The viscoelastic behaviour should be studied via a
creep test. A suitable model (using a suitable combination of stiffness, dampers and
spring) can be found to describe the behaviour and compared to the viscoelastic model
for the electro-mechanical creep. Furthermore there may be heating in the form of
Ohmic heating due to electrons flowing through the electrode adjacent to the silicone's
surface, which will effect the visco-elastic properties of the material. It is important to
quantify Ohmic heating, for both mechanical and aerodynamic/flow control purposes.
Heating will affect the stress-strain relationships of the polymers, as it will affect the
flow streaming past the actuator. Along these lines it is worth highlighting that the
actuator will be operating across a large temperature range -800 to 1000 ; it is impor-
tant to study both the mechanical and electromechanical properties of the EAP for the
operating range using characterisation techniques such as biaxial and CAT tests.
A key factor for optimum electro-mechanically induced strain is maximum break-
down strength. It is noted that the material with the highest breakdown strength is
MED4930, which has a higher Shore A number and exhibits electrostrictive strain
response. Through knowledge of the relationship between breakdown strength, elec-
trostatic/electrostrictive response versus the materials' Shore A number it may be pos-
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sible to pinpoint the nature of this improved breakdown strength (i.e. is it a result of
an increase in crosslinks that cause the material to be harder, or since it is harder does
that cause the material to behave electrostrictively thus improving the performance?).
Work by Larsen et al. (2004) has highlighted the scope to alter the polymer's chemistry
as to tailor the material for specific applications. Generally, the optimum performance
of the EAP is a trade-off between the material's stiffness and improved breakdown
strength. An approach would be to quantify this trade by using a figure-of-merit for
the dimple actuator, such as the approach carried out by Sommer-Larsen and Larsen
(2004) who used finite elasticity to develop a figure-of-merit for a linear actuator that




When elastomer actuators become polarised they are able to store charge. Polarisation
permits the build up of charge and the Maxwell stress that drives the actuation. This
section discussed the mechanisms of polarisation, the main equations and dielectric
losses in the materials and their role in the elastomer breakdown.
A.I.I Polarisation Mechanisms
Polarisation can be attributed to several mechanisms:
1. 1) Electronic Polarisation
2. 2) Molecular/dipolar Polarisation
3. 3) Ionic Polarisation
4. 4) Interfacial Polarisation
These are summarised in figure A.l. For a given material, the sum of the con-
tributions from each mechanism determines the net polarization, P, of the dielectric
material.


















For a dielectric material in a normal state, electrons are bound to their parent atoms
and are fixed to their equilibrium positions. An electric field induces displacement of
the electron clouds in a neutral atom thereby inducing a dipole moment on the atom.
Since it is atomic it is exhibited by all materials.
A.I.I.2 Molecular Polarisation
Molecules are randomly oriented in a material in a normal state so that there is no
net charge present. Orientation or dipole polarization occurs when an external field
aligns permanent dipoles parallel to the field. In some materials this polarization can
be retained upon removal of the field due to the need for thermal activation of molec-
ular rotation. PVDF is an example of a material that actuates as a result of dipolar
polarisation.
A.I.I.3 Ionic Polarisation
Ionic or atomic polarization differs from the electronic mechanism in that it occurs due
to the relative motion of the atoms instead of a shift of the electron clouds surrounding
atoms. The displacement of ions and cations in their lattice structures relative to their
normal positions is results in twisting and bending motions of molecules. Piezoceram-
ics deform as a result of ionic polarisation.
A.I.I.4 Interfacial Polarisation
No dielectric is ideal and free charge carriers exist. This is referred to as the de con-
ductivity of the material. In interfacial, also known as space-charge polarization, the
mobile charge carriers in a heterogeneous material are accelerated by an applied field
until they are impeded by and pile up at physical barriers. This build up of charge
dictates the polarization of the material. Grain/phase boundaries, material defects, im-
purities and free surfaces are common barriers.
A.l.2 Theory
The polarisation of the medium produces an electric field opposing the field charges
on the electrodes. The dielectric constant of a material reflects the reduction of the
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electric field, E, that is the effective electric field, Eeffective, is:
Eeffective = E - Epolarisation (A.2)
where a is the charge density per unit area and Epolarisation is the electric field as result
of polarisation. The relationship between electric field normal and total charge, Q, is
given by:
IE ·dA =~ (A.3)Is CrCo
This integral, Gauss's Law, refers to the whole surface enclosing the total charge and
the electric field, E, is normal to a small area, dA, on the closed surface. Hence equa-





This reduction in electric field results in a reduction in voltage, since the electric field
can be described as gradient in electric potential energy (electroquasistatic Farady's
Law):
E=-VV (A.5)
Polarisation also results in a net buildup of charge at the surface of the dielectric
between two electrodes which continues until the voltage drop across the electrodes
matches the voltage drop of the voltage source. The density of field lines generated
across the material is called the electric flux density. It is also known as the electric
displacement because it a measure of the displacement of a dipole in the material. The
greater the electric flux, the greater the polarisation and more charge is built up at
the surface. Equation A.6 describes the electric polarisation, that is, the flux density
originating solely from the polarised material:
(A.6)
where crE=D, the electric displacement and £oE is the electric displacement for a vac-
uum. This shows that a material of high dielectric constant is able to maintain charge
across the electrodes at a lower voltage. The charge that builds up at the dielectric
is directly related to the geometry of the electrodes since from equation A.3 the total





This can be written as the charge density per unit area:
Q
(j = IDil =-A (A.8)
Consider an electric field between two parallel plates, as described in A.2. The
electric field is:
a
Eejjective = - (A.9)
e
where e is permittivity of the material. The electric field is by definition the force per
Q =charge on
plate I Platearea A
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Figure A.2: Electric field developed between two parallel plates
unit charge, so that multiplying the electric field times the plate separation gives the
work per unit charge, which is by definition the change in voltage. Here the voltage
difference is expressed in terms of work done on a postive charge, q, when it moves
from the positive to negative plate.
_ workdone _ Fd _ d
V - charge - q - Eejj
A.l.3 Relative Permittivity
(A.I0)
The overall net polarization experienced in any given material, P, creates a dipole
moment which augments the total electric displacement, D.
D=eoE+P






The relative permittivity is defined in terms of the susceptibility that is directly
related to the polarization mechanisms in a material.
P = eo(I +X)E = creoE (A.I3)
The relative permittivity is then the ratio of the natural permittivity of the material
(c) to the permittivity of free-space (eo). It is seen to be a direct measure of the
polarizability of a material. It is a complex varible, hence governs both the phase
variation and attenuation of an imposed field in the material:
, " ,
e;= e - j c = e (1 - jtan8) (A.I4)
e' is known as the dielectric constant and is determined by the magnitude of P.
It determines the amount of electrostatic energy stored per unit volume in a material
for a given applied field, i.e. the amount of charge stored in a capacitor. Permittivity is
often treated as a complex function of the frequency of the applied field, roas described
in A.I4. At a given frequency, then imaginary part of the complex permittivity leads
to absorption loss, the accumulation of electric charge due to an imperfect dielectric
material. tanb is called the loss factor and is governed by the lag in polarization upon
application of the field and the energy dissipation due to internal friction.
A.l.4 Dielectric Losses
Some of the energy from the applied external field gets transformed into heat energy.
This is known as dielectric loss. Dielectric absorption and ionic conduction play key
roles in these losses.
Dielectric absorption can be caused by dielectric relaxation or resonance effects.
Relaxation effects are associated with permanent and induced molecular dipoles. At
low frequencies the field changes slowly enough to allow dipoles to reach equilibrium
before the field has measurably changed. For frequencies at which dipole orientations
cannot follow the applied field due to the viscosity of the medium, absorption of the
field's energy leads to energy dissipation. Resonance effects on the otherhand are
caused by the rotations or vibrations of electrons or ions. Dielectric absorption is
responsible for the accumulation of residual charge, whereby upon charging the the
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dielectric is unable to discharge fully in a short period of time '.
Ionic conduction is related to the free carriers in the dielectric. The ionic con-
duction losses are due to ohmic Iosses/ that occur when free ions move through the
material and collide with other species. This is the cause for leakage current, that is a
small value of current that flows through the dielectric; it is not a perfect insulator.
1It is responsbile for a phenomenon called soakage, it is what causes mobile phone batteries being
unable to charge fully.
2Loss of electric energy when a current flows through a resistance due to conversion into heat
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B.l Digital Speckle Photogrammetry (DSP): Procedure
B.1.1 Overview
Digital Speckle Photogrammetry (DSP) is a non contact full-field measuring method.
The object under test is viewed by a pair of high resolution, stereoscopic digital CCD
cameras for the 3D deformation measurements, as shown in figure 4.2. The cameras
are calibrated to take into account information of the camera angles, lenses uses, aper-
ture and working distance from the specimen. A random or regular pattern with good
contrast is applied to the surface of the test object, which deforms along with the ob-
ject. The deformation under different load conditions is recorded by the CCD cameras
and evaluated. The initial image processing defines unique correlation areas known
as facets, typically 5-20 pixels square, across the entire imaging area. The center of
each facet is a measurement point that can be thought of as an extensometer and strain
rosette. These facets are tracked in each successive image with sub-pixel accuracy.
The results are the 3D shape of the measured specimen, the 3D displacements, and the
plane strain tensor.
B.1.2 Camera Set-up
There are 3 lens sizes that can be selected: 12 mm, 35 mm, 50 mm. The focal length
of the 50mm lens can be extended to 75mm by an extension tube that is provided. The
larger lens permit a smaller field of view, where as the smaller ones mean large areas
can be selected. For the CAT experiments the 50 mm lengths with a measuring volume
of 65 X 52 X 52 mrrr' was selected. This sets the base at 240 mm, measuring distance
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at 510 mm and angle between cameras at 25°.
The aperture on the lenses is adjusted for the application. The aperture controls
the amount of light that enters the camera and defines the shutter time. The needs to
be set according to the expected test speed and recording rate, the setting should be
clearly below the recording rate.
B.l.3 Preparation of Specimens
Specimens must be painted with a stochastic pattern with good contrast figure B.I. The
nsp works by splitting the camera image into facets which are defined by a number
of pixels in length and width. The pattern permits the identification and allocation
of pixels in the camera images (facets) thus, a pixel in the reference image can be
allocated to the corresponding image in the target image.
The pattern needs high contrast for the allocation of facets. In developing the
pattern there is also a compromise on size of the speckles. On the one hand, the size
of the speckle should be small enough to allow a fine grid of calculation facets during
evaluation. On the other hand, the pattern should be large enough to be resolved by
the camera. This will be defined by the selected region of interest (ROI) and camera's
field of view (FOV). A pattern with changing gray values are more appropriate than
an arranged pattern. For this reason the pattern is chosen as stochastic (completely
random), as shown in B.t. Usually a base coat of white is applied and then black
acrylic paint is sprayed to achieve a random pattern. In the case of thin membranes this
would result in a change of surface properties. Instead no base coat is used, the paint
is diluted with water (therefore tends to be less stiff) and a fine pattern is used. This
minimised the stiffening of the membrane surface as result of the paint. An airbrush is
ideal for this application.
B.l.4 Calibration
The quality of measurement is dependent on the knowledge of the intrinisic (focal
length, principal point and distortion) and extrinsic parameters (orientation of the cam-
eras in terms of a translation and rotation parameter) of the cameras. For this purpose
the cameras are calibrated before operation by means of a calibration panel. This




B.l Digital Speckle Photogrammetry (DSP): Procedure
Figure B.1: Example of a stochastic pattern.
The calibration panel has a pattern of white dots at known displacements on a
black background. During the calibration procedure, the plate is moved toward the
cameras, away from the cameras, tilted, and rotated through 13 steps. This is shown
in figure B.2. This process provides the software with enough information to calibrate
a volume of a cubic shape having the face dimension as the size of the calibration
plate. The ROI should be inside this volume for the system to compute strains and
displacements.
Once calibration had been successfully completed the specimen is positioned
in the camera's field of view. A two shots are taken of the specimen. The purpose is
twofold: to ensure the software can identify a starting point and compute the strain field
and give a measurement of noise on strain between two snaps. If this is unsuccessful
the specimen pattern and/or the lighting on the specimen must be changed.
B.l.5 Image Capture
Once the system is calibrated, the test is conducted while the system snaps images at
greater than or equal to 1 frames per seconds (FPS) depending on the recording mode .
There are several options, ranging from a simple snap, a snap with timer and external
analogue values recorded and external triggered measurements.
External triggered measurements are done via the trigger box to record images
just-in-time and with analog value control. Image recording is released via the trigger
box , i.e. a start pulse is sent from the the trigger box to the CCD cameras. First, the
237
B.1 Digital Speckle Photogrammetry (DSP): Procedure
File Edit View Sensor Macro Help
R·"L R ~
Close to sensor,
Panel position 0° ,
Instructions
Object type : Panel
Distance : 3S.997 mm
Camera lenses: 50 .00 mm
Ellipse quality: 0 .4
Position 1
Center distance. Panel posit ion 0·.
Snap view
Object rotation for camera 0: 359.6·
Object rotation for camera 1: 359.1'
[
Calibrat ion lighting
_Shutt er time Ir-g-so-.o---r----
Snap I Undo I
r Enable external trigger
Figure B.2: First step in the calibration process.
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images are saved in the main memory (RAM) of the computer. Corresponding analog
voltage values are saved in the trigger box. The trigger delay between when the pulse
is sent to the camera and when picture is taken is dependent on the shuttertime. It can
range from ns to us depending on the trigger mode and the shutter time.
The fast measurement mode is used for the CAT experiments. In the mode Fast
Measurement, the images are released after clicking on the camera icon and after an
external start signal 1 occurred.
B.l.6 Strain Computation
The system recognizes facets of gray scale pattern. Each facet acts as an individual
strain gauge. Once the image has been taken the data must be processed using the DSP
software. This comprises selecting a start point (automatically or manually) for each
image and then computing the strain fields. A start point permits the selection of a
facet in both the left and right camera. This permits the calculation of the rest of the
facets.
When the start points cannot be matched it could be one of three problems: not
enough lighting, too fine speckle pattern or the system has decalibrated. During the
computation the displacement is calculated by comparing facets in the target image to
the reference image. From the displacement the strain is calculated. Calculated facets
are displayed in green. When the matching parameters (accuracy and residual) are
exceeded the facets are in red whereas in the case of yellow facets, the intersection
deviation is too high. Accuracy is the matching accuracy with which a facet can be
found again. Based on the gray level of the pixels the facet is fit (matched) into the
pixel field and the accuracy defines the maximum admissible displacement of the facet
corner points. This error indicates the system ability to find good facets and is not
measurement accuracy. Residual is the admissible brightness difference between the
facets in gray levels. The Residual is determined per facet within one stage from the
images of the left and right camera and between the stages only from the left image. In
case of poor surfaces or if reflections occur, this value may be increased. Intersection
Deviation is deviation that occurs between the left and the right camera in measuring
a point. The higher this value, the more probable is the decalibration of the system.





The resolution of the AID card is 12 bits. At a range of +5V to -5V this is a maximum
error of 4.6mV.
Resolution of Measurements.
The number of pixels dictates the resolution of the measurement. For a 65 mm by
56 mm and a camera resolution of 1280 by 1204 this gives a minimum displacement
of 0.05 mm. According to the ARAMIS manual the minimum strain measurement
is quoted at 0.05%. If the values based on the camera resolution for the particular
measuring volume used the minimum strains are calculated at 0.076%.
Accuracy of measurements.
Each test accumulates unique errors arising from the pixel resolution, lighting and gray
level identification since the calibration, lighting setup as well as measuring volume are
unique to each test. Even though these values are known it is not possible to calculate
the system error because the DSP strain calculation algorithms are prioprietary. Instead
several images are taken prior to any measurement, such that the standard deviation of
these measurement quantities is calculated and is used to provide a measure of error
for the DSP measurements.
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Derivation of Effective Pressure
e.l Derivation of Effective Pressure
The energy of an electric field per unit volume is written as,
I I 2
U = -D.E = -£rEoE2 2 (C.I)
where D is the electric flux density. Using the equation for the electric field, (voltage
per thickness):
V
E = - (C.2)
z
Equation equation C.I can be rewritten to form the familar expression for energy stored
in a capacitor:
I 2 I 2U = uAz = -£rEoAzE = -CV (C.3)2 2
Since work is the measure of a quantity that is capable of accomplishing macroscopic
motion of a system due to the action of a force over a distance, the force between the











e.l Derivation of Effective Pressure
Since the volume of the elastomer is constant,
d(vol) = d(Az) = zdA +Adz = 0
dA d:
A z




This is the energy of an electric field per unit volume. Hence the expression of force
from equation CA is as follows:
(C.IO)
Stress.rr, force/area, can be written as:
(C. I I)
This is the expression for the compressive stress that squeezes the elastomer in the




Hyperelastic materials are usually derived from the strain energy potentials which re-
lates to the energy stored in elastic materials. The three strain components disregarding
deformation history, heat dissipation (hysteresis), stress relaxation etc Ogden (1997).
The strain energy function (or stored-energy function), W, defined per unit volume,
assumes materials are incompressible, isotropic and isothermal hence depend sym-
metrically on AI, A2 and A3:
(D.1)
which means that the strain energy potentials can be expressed in terms of strain in-
variants or principal stretch ratios. The principal stretch ratio, Ai, is defined as:
A; = 1+Si (D.2)
They describe the ratio of the final length to the original length. Si refers to the strain
in the ith direction and when the material is undeformed A; is equal to 1. The principal
stretches must satisfy the incompressibility constraint:
(D.3)
The change in the stored energy during the deformation of a cube of size unity to a
cube of dimension AI,A2 and A3 is:
(DA)
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The principal Cauchy stresses (Jj (defined per unit cross-sectional area in the deformed
configuration), can be written of the form:
aw
a, = A; aA; - P (D.5)
Where p represents an internal hydrostatic pressure to maintain the incompressibility
criterion. The corresponding Biot stress (nominal stress, t., defined per unit reference
cross sectional area) is often measured experimentally and is given by
aw I I
t; = aA; - p A; = (J; :1J
Therefore the principle stress in x direction can be written:
(D.6)
(D.?)
and so on for the other directions.





12 = (A1 A2)2 + (A2A3f(A3At)2
h = (A1 A2A3)2














Substituting the partial derivatives of the invariants into equation D.tS and then sub-
stituting into D.8(repeating for (jz and (j3) the stresses in the x,y,z directions (1,2,3
respectively) is:
zaw 2 aw














Errors associated with the analysis of sample records of random data are: estimation
errors, that is statistical errors such as the ones associated with convergence, instru-
ment errors, also known as calibration errors and usage errors. Instrument errors can
be grouped into three elemental groups: calibration errors, data acquisition errors and
data reduction errors. Calibration errors originate from the calibration process, data
acquisition errors include the random variation of the measurand, AID conversion er-
rors, and precision errors in recording the data. Data reduction errors are caused by
a variety of errors and approximations that are used to reduce data such as interpola-
tions, curve fits and differentiation of data curves are all examples of this. These can
be considered as elemental errors and the uncertainty estimates of individual estimates
are combined using the square root of the sum of squares (RSS) and added together,
Wheeler and Ganji (1996):
(E.1)
where (5 is the uncertainty and the subscripts t, c, da and dr refer to the total, calibration,
data acquisition and data reduction errors.
E.l.l Velocity Measurements
E.I.I.I Quantisation Error
During calibration there are three errors that affect the accuracy and precision of the
velocity measurement. During this process, the curve E 2 is plotted against Vn to find
the coefficients of the King's Law. The actual values of voltage, E, will be, E ± (5£
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within 95% confidence levels. Similarly with velocity, V, is V ± O'v. O'E is made up of
O'q from the quantisation error, O'n from the electronic noise associated with hot-wire
(analog) signal. Errors are combined using the RSS such that 0'1 = O'J +0';.
The quantisation error from the analog to digital conversion results in addition of
random noise to signal because of the resolution of the board being used. Any sample
that is digitised can be affected by an error of ±0.5LSB1• This noise simple adds to the
noise that is already present in the analog signal. It is uniformly distributed between
±1/2LSB, with zero mean and a standard deviation of O'q = (Ju)LSB = 0.289LSB,
Smith (1999). Since random noise signals are combined by adding their variances in
quadrature the total noise on the digitised signal is given by J(x~s+ (O.289LSB)2),
where Xrms is the digitised rms of the analog signal. For the 16 bit dac card used
O'q = 1/(JT2 x 65538) = 4.4048e - 006. The measured rms of the hotwire signal is
quantified by measuring the signal at zero velocity (free convection). This results in
a standard deviation of value of 5691lV and includes the quantisation error outlined
above.
It is necessary to take into account the resolution of the digital to analog con-
verter board (DAC) was operated at a range of 0-1OVwhich gives a voltage resolution
of 1521lV. The resolution was improved by amplifying the signal into the DAC to
maximise the voltage range. The gain of the amplifier is set to 13.5, which is equiv-
alent to reducing the range to 10/13.5 which reduces the resolution error of 11.3448
IlV.
E.l.l.2 Calibration Error Analysis
The error for the velocity measurement involves the propagation of error from the
readout inaccuracies of the measuring device. Consider R individual measurements
are combined to calculate a final result. If R is a function of n measured variables Xl to
Xn
(E.2)





where Wxi is the individual uncertainty for each measurement. The estimate for uncer-
tainty of a calculation can be written
[
2] 0.5
Wr = E7=1 (WXi ;~)
E.I.I.3 Measurement readout inaccuracies
(E.4)
There are three measured quantities in the calibration process: the measurement of
atmospheric pressure, atmospheric temperature and the Pitot tube pressure. The errors
discussed are associated with the precision of the readouts. The maximum measur-
ing error is ±O.lmBar, ± 10 and ±0.05 mm water, respectively. The equation for the
density of air, E.5 is used to calculate velocity.
Patm
Pair = 287 (Tatm +273)
The maximum uncertainty in the calculation of the density of air is:
( ) I ( dPair) I I ( dPair) IW Pair max = W Parm dPatm + WTarm dTatm




The maximum error for Pair is = 0.004558 kgm-3 and the uncertainty estimate is




In a similar fashion using E.3 and E.4 the maximum error for velocity is 0.0887 mls
and the uncertainty estimate is 0.0670 mis, thus gives the value for (J'v.
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E.l.l.4 Calibration Error Estimate
The combined uncertainty from instrument errors and data acquisition errors are greater
than the confidence bounds associated with the least square fitting of the data, which
is greater than 99% for all cases, hence is not considered futher. Furthermore the error
associated with electromic noise (quantisation and random noise on analogue signal)
is relatively small when compared to the instrument error, hence is not considered in
the calibration error estimate.
The calibration error, resulting from the uncertainty of the measurements, is con-
sidered a systematic error(Wheeler and Ganji, 1996) hence when dealing with statis-
tical quantities as described in §6.5, in specific the perturbations about the baseflow,
there is a systematic error of 1.57%. In the case of the simple velocity ratios the error
cancels out.
E.l.l.5 Convergence estimates for statistics
Probabilistic models for population contain some unknown parameters such as variance.o-,
and mean, u. Certain functions of sample observations have sampling distributions that
if the size of the sample is large enough it will approximate the population parameters.
There are two schools of thought on how to select the appropriate number of samples.
The first one is to measure at a point for a number of samples, N, far greater than is
anticipated is necessary for convergence and then work out the statistics based on win-
dows of N, so that the statistics for the different number of N is documented. In this
method, the greater the number of samples, the more slowly the statistics converge to
the true population parameters, that is the convergence exponentially reaches the true
values. The second way is based on the estimates of statistical uncertainty using theory
suitable for large single samples. This method requires an estimate for the variance,
(J'2, based on sample number that has not be verified as sufficiently large. It makes
sense to use the two schools of thought simultaneously, to verify one another.
An interval /-l ± 1.960'/VN contains 95 % of the mean values that could be
generated in a single sampling from the population under study. This is known as the
confidence level. Since the confidence level of a mean is known, the sample size can
be chosen to ensure a certain accuracy before carrying out the experiment. Suppose
the goal is to achieve an interval length of 2B. The resulting confidence level is of the
form /-l ±B.
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This is rearranged to:
(j




For a second moment statistic the confidence level is Urms ± 1.96(7z/VN where
(jz is the variance for the second moment sampling statistic. Based on large sampling
theory Benedict and Gould (1996) the variance for the second moment statistic is:
(E.11)
Based on this method the number of samples required for the higher order statis-
tic is 1% error 20,000 samples need to be collected, 2 % 5163 samples, 3% 2250
samples, 4 % 1291 samples. This is compared to the initial method that was discussed,
reference figure E.1. The difference between 4749 points and 2235 there is 1.7442
% difference. This is indicative: the first method must be carried out with sufficient
number of points; 4749 points was an under estimate of a "sufficiently large sample".
Based on this analysis 2250 point were selected since one point in the cycle is a sample
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Another way of investigating dimple forcing is by looking at the effect of vertical
velocity of the dimple on the flow field. This is non-trivial for the non-linear case
but by assuming the dimple deflections are sufficiently small it is possible to consider
the velocity changes as linear. In this case perturbation theory is employed. This
technique was introduced by Gaster et al. (1995) to examine the velocity field over a
shallow bump and was numerically implemented by Joslin and Grosch (1995). Here it
is used to look at periodic forcing of a shallow dimple in a flat plate boundary layer.
The boundary conditions necessary to impose to represent an oscillating dimple is
the streamwise velocity perturbation related to the mean shear and the dimple depth,
together with the normal velocity of the dimple. If the frequency of oscillation is
sufficiently low the normal component of this boundary condition is small.
Let ube the the velocity of fluid and if be the the velocity of the boundary. E is
the amplitude of the bump and h(x,z) the shape such that the boundary is the surface
dimple S, given by
Y =E h(x, z)eicot
The boundary condition at the surface S is u= if and if is:
- .dx "dy «dz " .cot "
V = i dt +j dt +kdt = [0] + j E [iroh(x,z)e' ]+k[O]
Expanding the velocity in the following power series:




This expression is in terms of the small perturbation, E, that quantifies the deviation
from the solvable problem, that is when u = uo , the baseflow (that is the undisturbed
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mean flow at the boundary). The boundary condition can be written:
U = Uo(x, h(x,z)eicm, z) + UI(x, h(x,z)eiwt, z)
+ U2 (x, h(x,z)eicot, z)
= I [ico h(x,z)eicot]
Expanding Un about 0 using taylor expansion, f(x) = f(a) + f'I(~) (x - a)+ f';(!a) (x-
a)2, so for uo :
uo(x,O+ E h,z) = uo(x,O,z)+ E hU~(x,O,z)+ E2 h2u~(x,0,z) (F.4)
and then similarly for UI. Successive powers of E are equated to zero yielding the






When considering use of dimples in laminar/transition experiments the mean
flow is assumed to be Blasius, hence Uo = [uo (11 ), vc (x, 11 ),0] where 11 = Y/ J2X and
Uo = F'(11). For 0(1) uo(O) = 0 and vo(O) = O. As expected the baseline flow is
unaffected by the presence of a shallow dimple. For the higher orders of velocity:
Un = [Un (x, 11,z), vn(x, 11,z), wn(x, 11,z)]. Equating O(E) to zero:
UI (x, 0,z) = -h(x, z)F" (0)/ J2X
VI (x, O,z) = -iwh(x,z)
WI (x, O,z) = 0
These boundary conditions show that the vertical component of the velocity of the
disturbance is 1800 out of phase from the motion. The component in the streamwise
direction is proportional to the baseline flow and the local height of the dimple. The
factor of J2X acts to reduce the effective height of the dimple relative to the thick-
ness of the boundary layer, that is, the further you move downstream the thicker the
boundary layer becomes. At low frequencies co ---+ 0 UI is non zero which is effectively
stating that at low frequencies the a dimple oscillating at low frequencies generates a
quasi steady flow field.
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